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Abstract

This chapter discusses an innovative approach to obtain liquid fractions from olive mill
wastewater (OMW) rich in hydroxytyrosol. The method is based on bioconversion
combined with membrane separation techniques. An enzymatic bioconversion of three
types of OMW was tested. TheS total volumes of OMW are 15 and 40 L. The reaction
was monitored in mechanically stirred systems for 2 h at 50°C. Maximum hydroxytyr-
osol concentrations of about 1.53, 0.83 and 0.46 g/L in the presence of 5IU Aspergillus
niger 3-glucosidase per milliliter from North OMW and South OMW were procured by
two different olive millings, which are milling super press (MSP) and milling continuous
chain (MCC), respectively. Enzymatic pretreatment was followed by two tangential flow
membrane separation stages, microfiltration (MF) and ultrafiltration (UF). The
ultrafiltration permeate was concentrated by evaporation at 45°C for 2 h. The latter
exhibited a chemical oxygen demand (COD) level of 48.44 g/L. The UF permeate
dehydration increased the hydroxytyrosol concentration to 7.2 g/L. A new natural
product that contains some minerals beneficial to health and devoid of heavy metals or
chemicals was obtained by this innovative work which describes an environmentally
friendly process at pilot-scale.

Keywords: olive milling waste water, bioconversion, membrane separation, hydroxy-
tyrosol, antioxydants

1. Introduction

Ancestral food of the Mediterranean, olive oil saw its production increases steadily, due to the
recognition of its high dietetic nutritional value. After milling of the olive by pressing, the oil
phase and the aqueous phase are separated and the liquid organic residue called vegetable
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water is discarded. This by-product poses significant pollution problems. The olive mill
wastewater (OMW) treatment is difficult due to the high concentration of pollution load
toxicity microflora and low biodegradability. The pollution load of olive industry output is
exceptional: it usually exceeds 120 g COD/L and can reach up to 200 g COD/L. The toxicity of
this effluent is very high due to its high content of phenolic compounds. Each year, 40
million m® of vegetable water is produced around the Mediterranean basin. Most of these
liquid wastes are treated by gathering in evaporation ponds built in the open. This produces
the accumulation and concentration of the bulk of the organic matter present. Various methods
have been tested for the treatment of vegetable waters.

The olive mill wastewater (OMW), with a high concentration of aromatic compounds (2.5-
20 g/L), is a potential source of molecules or precursors to valuable molecules, particularly
ortho-diphenols. These compounds, of 10-100 times higher concentration than in the vegeta-
tion water of olive oil [1], are known for their antioxidant properties and their beneficial role
in preventing certain diseases such as cardiovascular disease. Ortho-diphenols are of major
industrial interest for the food company, antioxidants as potential natural alternates to
synthetic antioxidants. The ortho-diphenol hydroxytyrosol is a very powerful antioxidant. It
also has a wide range of biological activities, in particular antibacterial, antiinflammatory and
antihypertensive.

The process of producing hydroxytyrosol from the OMW has been developed in recent years
[2]. A period of storage of OMW is necessary for the hydroxytyrosol recovery after its spon-
taneous fermentation. This storage time sometimes exceeds 100 days [3]. However, the stability
of hydroxytyrosol and resistance to its oxidation and its fungal and microbial degradation
require reflection and technical practices such as the search for the concentration of ethanol to
be added to the effluent throughout the enrichment period. Indeed, the search for new, more
attractive techniques overcoming these problems will be mandatory.

The theme of our chapter is related to a part of the search for a gentle and inexpensive method
for increasing hydroxytyrosol concentration in OMW [4]. We were interested in finding an
optimal method of enrichment hydroxytyrosol. A good approach is that the polymerized
phenols in the OMW can be modified by bioconversion, thus producing an extract rich in
simple phenolic compounds. The latter are of practical interest for the pharmaceutical, food
and cosmetics. Besides, the process significantly reduces the chemical oxygen demand (COD)
required for the degradation of these compounds.

2. Olive mill wastewater: a source of natural phenolic compounds

Ninety-seven percent of the total olive production of the world was delivered in Mediterranean
basin. Nine percent of the world's olive 0il was produced in the olive oil industry of Mediter-
ranean basin [5]. The industrial method of olive oil has undertaken many changes. The
traditional discontinuous pressing process was initially switched by continuous centrifuga-
tion, using a three-phase system and, subsequently, a two-phase system. The different olive
oil production methods would certainly yield different waste materials.
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2.1. Composition of olive mill wastewater

Three phases and two wastes materials: olive o0il (20%), solid waste (30%) and aqueous liquor
(50%) were produced by classic production of olive oil. The olive pulp and stones were mixed
in solid waste. The aqueous liquor originates from the vegetation water and from the soft
tissues of the olive fruits, with water added during the modification process, the so-called olive
mill wastewater (OMW). High chemical oxygen demand (COD) values (up to 220 g/L) and
mineral salts are a major problem for the wastewater treatment which is due to the presence
of large amounts of organic substances such as oil, olive oil phenol, protein and polysacchar-
ides [6]. A very important category of antioxidant is present in OMW which is phenolic
compounds that are useful for the pharmaceutical and cosmetic industries [7]; 50-1000 ug/g
of phenol compounds are present in olive oil ranges. This variation depends on the olive variety
and the extraction system. The antioxidants quantity in olive oil is only 1-2% of the available
pool of antioxidants in the olive fruit [8]. In OMW, more than 40 biophenols have been
identified. Potential antioxidant, cardioprotective and cancer preventive actions in humans
were manifested in these compounds [9]. Hydroxytyrosol, tyrosol and caffeic acid are among
prominent components [9] (Figure 1). The recovery process of these compounds from OMW
is more economical and more practical than other OMW valorization method [7]. Besides,
recycling OMW is an alternative to diminish its impact on the environment and the ecological
system in general. It would also allow the repositioning of the olive oil industry in highly
competitive levels by considering OMW as by-products [6, 7]. Therefore, OMW can be
converted into value-added products. Many possible applications were tested in this study: (i)
bioconversion into useful products; (ii) recovery of natural components; and (iii) enrichment
of OMW in hydroxytyrosol.
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Figure 1. Chemical structures of phenolic compounds of OMW [9].

Hydroxytyrosol is the most valuable because of its amazing pharmacological and antioxidant
actions, and it belongs to the major phenolic compounds present in olive fruit [10, 11]. Through
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concern to the positive possessions of hydroxytyrosol, numerous approaches have been
developed to produce this compound by means of chemical synthesis and enzymatic conver-
sion [12, 13]. Further biological procedures have also been developed to produce hydroxytyr-
osol [14, 15]. Capasso et al. [12], Briante et al. [13] and Liebgott et al. [14] have tried the
bioformation of pure substrate (oleuropein and tyrosol) to hydroxytyrosol. In the other hand,
an ethyl acetate fraction and the corresponding aqueous exhausted fraction of dry olive mill
residue were used as substrate for the culture of some saprobe fungi that led to the production
of hydroxytyrosol [15].

The use of raw OMW as a natural source of hydroxytyrosol is very important because it is
widespread in nature to leaf extract or synthetic oleuropein [16-18]. Indeed, hydroxytyrosol
is present in OMW in two forms, free and combined. Combined molecules are oleuropein,
demethyloleuropein, verbascoside and hydroxytyrosol glucosides [19-21] (Figures 1 and 2).
Conjugated hydroxytyrosol cannot be recovered by membrane technology or solvent extrac-
tion. Furthermore, high amount of chemicals (acids, bases) for acidification to pH2 followed
by neutralization was needed in chemical hydrolysis of OMW. Then, the label “BIO” would
disappear. Consequently, this study purposes at discovery procedure to hydrolyze olive mill
wastewater by a 3-glucosidase preparation to acquire maximum hydroxytyrosol regaining.
The key functioning variables governing the enzymatic hydrolysis process (temperature, time,
pH, agitation) are studied. The amount among the enzyme and the substrate has also been
estimated. The proposed enzymatic reaction has been practical to two diverse categories of
OMMW: the first is produced from the traditional discontinuous pressing process (milling super
press, MSP), and the second is made from a continuous centrifugation using a three-phase
system (milling continuous chain, MCC).
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Figure 2. Release of hydroxytyrosol and tyrosol after degradation of oleuropein and ligstroside, respectively, [22] (a);
hydrolyzate of hydroxytyrosol 4-3-p-glucoside (4-beta-p-glucosyl-hydroxyphenylethanol 3) (b).

2.2. Properties of hydroxytyrosol

Hydroxytyrosol is characterized by a strong antioxidant activity, which is similar to that of
several synthetic and antioxidants, namely 2,6-di-tert-butyl-p-hydroxytoluene (BHT) and 3-
tert-butyl-6-hydroxyanisole (BHA) [23]. Aeschbach et al. [24] showed that the antioxidant
activity of this molecule was comparable to that of thymol, carvacrol, 6-gingerol and zingerone.
It contributes to the stability of virgin olive oil [25]. It also inhibits low-density lipoprotein
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(LDL) oxidation and also confers good cell protection and the dietary properties of virgin olive
oil [25]. In addition to its antioxidant activity, hydroxytyrosol has an important interest in
relation to human health. It has been shown that this ortho-diphenol opposes the cytotoxic
effect of reactive oxygen metabolites in the cell, which prevents cell damage [26]. Hydroxy-
tyrosol also exerts a marked antiinflammatory action. Petroni and his team showed that
hydroxytyrosol inhibits the formation of a pro-inflammatory eicosanoide referred to as
“leukotriene B4” [27]. De la Puerta and his team [27] found that hydroxytyrosol, tyrosol,
oleuropein and caffeic acid inhibit the formation of leukotriene B4 by reducing the activity of
5-lipoxygenase, the enzyme that catalyzes this synthesis. Furthermore, it was reported that
this enzyme is inhibited by olive extract, and the substances responsible for this effect are
hydroxytyrosol, oleuropein and caffeic acid [28].

2.3. Synthesis of hydroxytyrosol

The only natural source of hydroxytyrosol remains for the moment the olive and olive oil by-
products [29, 30]. Olive oil contains only a small amount of hydroxytyrosol concentrations of
0.01-1 mg/100 g of olive oil. This is due to the high solubility of hydroxytyrosol in water (about
5 g/100 mL); it is present in the OMW, which is in many cases discharged into the environment.
A first pathway of hydroxytyrosol production relies on its purification from the olive mill
wastewater. This process offers an impure product given that the great diversity and the large
amount of polyphenols listed in the OMW (2.5-3% by weight, about a hundred different
phenols [31]). Moreover, obtaining a purified fraction containing the hydroxytyrosol from the
waste involves several chromatographic steps using large amounts of solvents [29]. Therefore,
researchers have attempted to find a less expensive process for the purification of hydroxy-
tyrosol. Other production pathways based on chemical methods include the synthesis of
hydroxytyrosol by chemical reduction of the 3,4-dihydroxyphenylacetic acid [32, 33] and by
catalytic conversion of tyrosol to hydroxytyrosol with a mixture of methylrhenium trioxide
(MTO) and hydrogen peroxide. Two enzymatic production routes for hydroxytyrosol have
also been described:

1. A hydroxytyrosol production by hydrolysis of oleuropein in the presence of (3-glucosi-
dase [34]. The B-glucosidase used in the process of Briante et al. is produced by a re-
combinant strain of Escherichia coli; the B-glucosidase from Sulfolobus solfataricus is a
hyperthermophilic bacterium. This method has several disadvantages: the enzyme and
oleuropein must first be purified from the bacterial culture and from olive leaves,
respectively. The final extract is constituted by a mixture of hydroxytyrosol and two forms
of the elenolic acid.

2. Anenzymatic synthesis by conversion of tyrosol in the presence of a tyrosinase extracted
from a fungus [35]. This second enzymatic method also has its limitations: firstly, the
method requires the preliminary purification of tyrosinase with several steps which
further increase the cost of production; secondly, the method requires the presence of
ascorbic acid for inhibiting cresolase activity of tyrosinase and to avoid the formation of
quinones; an additional final purification step must be implemented to eliminate the
ascorbic acid from the reaction mixture.
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Another type of production was approved by whole cells grown on tyrosol. Producing bacteria
Serratia marscecens [36], Pseudomonas aeruginosa 2, 37], Pseudomonas putida F6 [38] and Halomo-
nas sp. HTB24 [14], the enzyme system responsible for the bioconversion of tyrosol hydroxy-
tyrosol has never been identified in these different bacterial species.

3. A. niger choice: generally recognized as a safe “GRAS” microorganism

One of the most important Ascomycota multi-uses in biotechnological applications is A.
niger. Its use fascinated production of extracellular enzymes, such as glucoamylase [39],
pectinase [40], the acidic lipase [41], esterase feruloyl [42] and xylanase [43]. This species is also
known for the production of some organic acids such as gluconic acid [44] and citric acid [45].
Citric acid and several enzymes produced by A. niger are considered as generally recognized
as a safe (GRAS) by the “Food and Drug Administration” of the United States [46]. In addition,
various biotransformation of ferulic acid in vanilla [47], progesterone in polyethylene [48],
isosteviol in diperpenoide and isosteviole [49], terpenes in “2-alpha, 3-beta, 13-trihydroxyste-
modane” [50], linalool oxide mixture of cis-and trans-linalool furanoid and cis-and trans-
pyranoid oxide linalool are formed through A. niger [51]. During the past two decades, A. niger
was the most broadly used food enzyme [46].

Besides its many applications in industry, A. niger also has an important role as environmental
microorganism. It is involved in the biodegradation of the toxic chemicals, e.g., dioxins [52],
in the treatment of waste molasses from beet and OMW [53, 54] and the bioconversion of
sewage sludge [55]. A. niger biomass is also used in the biosorption toxic heavy metals such as
cadmium, chromium and copper [56, 57].

The natural by-product was acknowledged as a solid support and a source of energy and
carbon. Agricultural wastes were used for mushroom cultivation; this offers the advantage of
combining the use of an inexpensive substrate and an interesting road to recover these by-
products. Many by-products generated by the food industry were used as substrate for fungi
such as sugar cane residue, wheat bran, rice and barley straw, beet pulp and pulp coffee [44,
58-61].

4. Bioconversion

4.1. Microbiological synthesis

This production method, also called “fermentation,” uses bacteria or fungi cultured in the
presence of the reagent selected as a precursor to synthesize the molecule. This type of
biological reaction is relatively easy to implement. The proposed culture can be improved by
optimizing the composition of the culture media of strains and experimental conditions [62].
Bioproduction processes involve various reactions such as hydroxylation, oxidation, reduc-
tion, hydrolysis, esterification, decarboxylation, methylation, condensation and isomerization.
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Bioproduction reactions have been applied to the production of several types of molecules, in
particular flavorings and aromatic antioxidants [63]. A typical example for the production of
aroma is the synthesis of vanilla. Several studies have shown that some bacteria (Pseudomonas
putida, Streptomyces setonii, Amycolatopsis, etc.) and some fungi (Pycnoporus cinnabarinus, A.
niger, etc.) are able to convert ferulic acid to vanillin [64]. Vanillin was also produced by the
bioconversion of isoeugenol by means of a Bacillus sp. type of bacteria [65].

4.2. Enzymatic synthesis

This method involves enzymes purified and immobilized on a suitable support. The choice of
the nature of the enzyme depends on the chemical structures of the precursor and the product
to be synthesized. Thus, to produce an ortho-diphenol, it is necessary to use a monooxygenase.
Starting from a precursor free of hydroxyl group, it is necessary to employ a dioxygenase. This
type of bioconversion reaction requires the use of cofactors such as NADH, NADPH and ATP
[37]. In practical terms, the bioconversion reactions using cells (stationary growth) seem to be
more interesting than those involving purified enzymes. Furthermore, regeneration of
cofactors generally constitutes a handicap in the use of many enzymes. Besides, enzymatic
hydrolysis of oleuropein by [-glycosidase has been studied [66]. It generates oleuropein
aglycone. Immobilization by inclusion of a recombinant B-glucosidase and thermophilic
Sulfolobus solfataricus of chitosan on a support so as to hydrolyze oleuropein enzymatically at
60 and 70°C was contemplated by Briante et al. [67]. The enzymatic hydrolysis attacks only the
glycosidic linkage; the biotransformation generates unstable aglycone species by cleavage at
a temperature above 60°C and releases hydroxytyrosol. An immobilized thermophilic enzyme
in a bioreactor can solve the technical problems of hydrolysis of different substrates. Indeed,
the elevated temperatures used limit microbial growth and assist in the solubilization of the
substrate [68].

5. Analytical methods

5.1. High-performance liquid chromatography (HPLC) analysis

The identification and quantification of phenolic monomers were carried out by HPLC. The
assays were achieved on a Shimadzu apparatus composed of an LC-10ATvp pump and an
SPD-10Avp UV/visible detector. The column was a C-18 (4.6 x 250 mm; Shim-pack VP-ODS),
and its temperature was kept at 40°C. The flow rate was 0.5 mL/min. The mobile phase used
was 0.1% phosphoric acid in water (A) versus 70% acetonitrile in water (B) for a total running
time of 50 min, and the next amounts of solvent B were used for the elution: 0-30 min, 20-50%;
30-35 min, 50%; and 35-50 min, 50-20%. The flow rate was 0.6 mL/min, and the injection
volume was 20 uL. Identification and quantification of HT were based on its spectrum and on
its retention time in comparison with standard analyzed under the same conditions.
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5.2. Enzyme activities assays

The B-glucosidase activity was determined using 1 mM p-nitrophenyl-p-glucoside (pNPG) as
substrate (in 100 mM citrate buffer pH 4.8). An aliquot of 0.2 mL of 1 mM pNPG in 50 mM
sodium citrate buffer (pH 4.8) was incubated with 0.280 mL of citrate buffer and 20 puL of an
appropriate diluted enzymatic preparation at 50°C for 15 min. The reaction was stopped by
adding 0.5 mL Na,Co; 1 M; the liberated p-nitrophenol (pNP) was measured at 400 nm [68]. In
the blank, 20 uL of water was used in place of the enzyme sample. The activity was defined as
UM of p-nitrophenol produced per minute below the analyzed conditions (IU). Activities were
measured in triplicate and were expressed in International Unit per milliliter (IU/mL) with 1
IU being defined as the amount of enzyme that catalyzes the release of 1.0 uM of p-nitrophenol
per minute.

6. Scale-up of bioconversion of OMW phenolic compounds

The basic assumption of the method proposed by Hamza et al. [4, 16, 17] is that the polyphenols
contained in OMW could be selectively hydrolyzed by enzymes to generate extracts or free
compounds useful for the pharmaceutical and cosmetic industry and produce a wastewater
that is free from polyphenols and with significantly reduced COD.

6.1. Enzymatic bioconversion of OMW

Figure 3a, ¢, and e shows the HPLC chromatogram of the ethyl acetate extract of raw MCC,
MSP and North OMW. This profile shows that fresh OMW is rich in oleuropein (peak 4) and
luteolin (peak 3). Simple phenolic bioactive compounds, such as HT (peak 1) and tyrosol (peak
2), were too present at moderate concentrations. The HT concentrations recorded in raw MCC,
MSP and North OMW were 0.17, 0.23 and 0.86 g/L, respectively. This content corresponded to
the free fraction of HT in raw OMW [4].

Further enzymatic analysis revealed that the 3-glucosidase activities in the raw OMW of MCC,
MSP and North OMW were 0.7, 0.7 and 1.03 IU/mL, respectively (Figure 3). This enzyme could
be derived from olive fruit [20] and from the activity of endogenous microorganisms [69]. The
enzyme concentration described above (as well as of other hydrolytic enzymes) is not plenty
for the hydrolysis of molecules present in fresh OMW. With the time of storage of OMW, the
HT concentration was previously shown to increase as a result of natural fermentation and
cleavage of HT conjugates [3]. The increase in bioactive compound concentrations was tested
through the enzymatic hydrolysis of OMW during 2.0h at 50°C using 51U of A. niger [3-
glucosidase per milliliter of OMW [16]. As shown in Figure 3, important quantities of HT were
free after the enzymatic pretreatments of OMW. A progressive rise was detected for the HT
concentration in OMW over the response time of the (3-glucosidase action in subsequent OMW
enhancement by this enzyme. Blank controls deprived of enzyme were also run, and no
significant HT production rates were detected (Figure 2). The HT quantities in the blank
controls of MCC, MSP and North OMW were 0.2, 0.23 and 0.8 g/L, respectively. Several factors
are known to affect the quantitative phenolic profiles of olive fruits. Among those factors, the
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geographical origin, cultivar type, irrigation treatment and ripeness degree have the most
pronounced impacts on phenolic composition [20]. The initial hydroxytyrosol concentrations
recorded in this study corresponded to an average of about 41.14% of their final value in the
hydrolyzed OMW. In the absence of broth culture, the substrate was not converted into HT
even at high temperature (50°C). HPLC chromatograms indicated an increase in the HT peak
(1) and tyrosol peak (2) with a simultaneous reduction in the oleuropein peak (4) and luteolin
peak (3), respectively, subsequently the enzymatic pretreatment of OMW (Figure 3). These
results established that (3-glucosidase played a significant role in cleavage of the glycosidic
bonds in the molecules present in OMW. Hence, HT could have created from oleuropein, via
its aglycone, by the opening of the elenolic acid loop with a final reorganization into the
secoiridoid compound and numerous procedures of elenolic acid [70]. This result is in
agreement with the findings previously reported in the studies of Capasso et al. [29], Briante
et al. [71], Hamza et al. [4, 16, 17] and Khoufi et al. [18].
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Figure 3. HPLC chromatogram of phenolic compounds [4] (detection at A =280 nm) extracted from raw MCC (a) and
hydrolyzed MCC by A. niger 3-glucosidase (b), raw MSP (c), hydrolyzed MSP by A. niger p-glucosidase (d), raw OMW
North Tunisia (e) and hydrolyzed OMW North Tunisia by A. niger b-glucosidase (f). 1, hydroxytyrosol; 2, tyrosol; 3,
luteolin; 4, oleuropein.
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During enzymatic experiments, maximum HT concentrations of about 1.53, 0.83 and 0.46 g/L
were obtained in the presence of 51U A. niger [3-glucosidase per milliliter of OMW in North
OMW, MSP and MCC, respectively. The results of this relatively large-scale study were inferior
than those described in a preceding small-scale study by the authors [17]. So the initial HT
concentration in large volumes of fresh OMW is much higher than in small volumes of fresh
OMW acquired from separators in oil mills. The findings from this phase of the study sug-
gested that OMW was a source of hydrolysable phenols, including oleuropein, ligstroside and
verbascoside, which possess glycosidic and ester links between the main phenol components,
polysaccharides and/or lignin (Figure 1) [70, 72]. Consequently, a higher quantity of HT was
released when enzymatic hydrolysis was carried out on OMW using specific enzyme prepa-
rations. The proposed enzymatic pretreatment proved useful not only on a laboratory scale
but also on large-scale applications involving OMW recycling.

6.2. Membrane separation technologies

Several studies have recently shown that membrane filtration is preferably applied in a cross
flow mode. In cross flow or tangential flow filtration, the feed is pumped into the membrane
module where it is separated into two streams, namely the filtrate (or permeate) and the
retentate, in which the retained species has been concentrated. The tangential movement of
the fluid targets removes most of the rejected materials from the membrane surface and,
consequently, minimizes their accumulation at the membrane surface. Membrane technologies
are known to employ special filters (membrane) that operate in a special fluido-dynamic
condition (tangential flow), which reduces the filter fouling and, consequently, assures a high
permeate flux as a function of time [73]. These technologies are commonly applied worldwide
not only for the treatment of wastewaters but also for the recovery of dispersed solutes, often
pollutants and generation of purified water.

The present study opted for the application of membrane technology for the treatment of OMW
to enhance the extraction and recovery of its valuable phenol content and to facilitate its proper
disposal in the environment. According to the proposed process, the OMW was submitted to
enzymatic hydrolysis by a 3-glucosidase enzyme to remove oleuropein and, thus, enhance the
free HT in OMW (Figure 3). The liquid fraction separated from the degradation products was
then used in a membrane system including tangential microfiltration (MF), tangential
ultrafiltration (UF) and evaporation units in sequence. Both membrane retentate fractions
constituted the new refined products with the addition of purified water obtained after the
evaporation steps and the last concentrate recuperated which is phenol enriched, respectively.
The ultimate concentrate of the system after evaporation was rich in hydroxytyrosol.

The initial fluxes of OMW processing by MF and UF were 42.85 and 103.89 L/m*h in
transmembrane pressures of 1.8 and 2.2 bar, separately. The determination of chemical oxygen
demand (COD), pH, conductivity, hydroxytyrosol, total solids (TS) and total phenolic content
were evaluated at different operating conditions. The COD load was due to high organic
contents, which are nitrogen compounds, sugars, organic acids, oils, cellulose and phenolic
compounds, with a concentration of 165 g/L in the raw OMW. A substantial decrease in COD
and total solids (TS) was detected. The membrane technology under study generated a slightly
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colored permeate, with less COD for its oxidation (3.42% of the initial COD) (Table 1).
Microfiltration was prominent to eliminate 72.12% of COD. In fact, all the organic matter of
the OMW in the form of an insoluble material suspension was retendered by microfiltration.
However, the MF permeate contains the hydrophilic compounds, which are reducing sugars,
hydroxytyrosol and minerals. Only 24% of hydroxytyrosol was recovered in the ultimate
concentrate. This proportion was considerably enhanced by diluting the MF and UF retentates
with pure water. Accordingly, diafiltration was required to recuperate more hydroxytyrosol.
The utilization of moderate temperatures in evaporation step led to a hydroxytyrosol-rich
concentrate. The results provided evidence that the process of this study can be used as an
efficient treatment of OMW at mild conditions. Besides, 41% of the enhancement in total
phenols was due to the discharge of hydroxytyrosol (Table 1). A ecological production of great
quantities of hydroxytyrosol can, consequently, be realized. A promising alternative method
was funded by the use of a pilot-scale method for the recovery of natural hydroxytyrosol. An
additive in the food industry or an anaerobic substrate for methane production can be recycled
by the retentate of MF and UF units which are rich in polyphenolic compounds. The total
recovery of the chemical components in OMW using membrane technologies was previously
reported on a similar process by Pizzichini and Russo [74].

Raw OMW Hydrolyzed OMW MF UF Cc

P R P R

pH

5.03+0.2 493+0.2 4.78+0.2 4.73+0.2 4.81+0.2 4.79+0.2 4.84+0.2
Total solids (g 100/g)

9.33+0.5 9.23+0.5 6.28+0.5 11.12+0.5 471+05 5.72+0.5 41.95+0.5
Conductivity (ms/cm)

11.26 0.5 11.25+0.5 11.17+0.5 10.62+0.5 10.29+0.5 10.7+0.5 15.11+0.5
COD (g/L)

165.76 £1.5 165.83+1.5 57.76+1.5 119.25+1.5 48.44+15 59.62+1.5 nd

Total phenols (g/L)

45+12 55+1.2 3.31+0.5 727+12 1.96+0.2 27+0.5 17.6+2.5
Reducing sugar (g/L)

26+3.2 60+4.2 nd nd nd nd 158.21+8.5
Hydroxytyrosol (g/L)

0.23+0.2 0.93+0.2 0.85+0.1 0.72+0.1 0.79+0.1 0.807+0.1 72+1

Mineral composition of ultimate concentrate (mg/kg)

Zn (240 £0.05); Cd (0.0264 +0.01); Ca (1156 +0.2); Fe (46 +0.01); K (61.36 +5.1); Mg (617.2 + 6.3); Na (46.4 +0.5); Cr; (0);
Pb (0); Ni (0); Cu (0)

P, permeate; COD, chemical oxygen demand; R, retentate; nd, not determined; MF, microfiltration; UF, ultrafiltration;
Cc, concentration with evaporation.

Table 1. pH, total solids, conductivity, total simple phenol, chemical oxygen demand (COD) content and
hydroxytyrosol concentration [4] before and after the enzymatic hydrolysis of olive mill wastewater and after
microfiltration, ultrafiltration and concentration; the mineral composition of ultimate concentrate from purified OMW.
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6.3. Characterization of final product

Table 1 shows the characteristics of the OMW fractions at the different steps. The final product
had a pH value of 4.84 which remains constant during the process. Conductivity was reserved
constant, except after concentration step was increased. The ultimate concentrate contains a
high concentration of reducing sugar (about 158.21 g/L) (Table 1). The inorganic content of this
new product was found to consist mainly of metals. The metal content of the ultimate con-
centrate is shown in Table 1. This product was exempt of heavy metals but rich in calcium,
iron, potassium, manganese and sodium (Table 1).

Metals remain the key from nutritional and toxicological perspectives. Certain metals,
principally iron, copper and zinc, are indispensable constituents for the human body, and their
deficiency can have chronic and severe effects [75]. OMW comprises certain added significant
metal ions, such as magnesium and calcium, which have often been reported to diminish the
danger of heart sicknesses [76]. Trace elements, such as copper and iron, should not be
eliminated when they are in short dietary supply. Elements, such as cadmium and lead, which
can accumulate in the body, should be minimized. Consequently, the characteristics of the raw
material and extraction techniques have a significant effect on the composition of the final
extracts, and, in industrial applications, the composition of olive phenol extracts must be
standardized. In fact, an ‘aqueous extract’ of OMW suitable for foods and beverages can be
easily obtained by simple ultrafiltration [77]. The commercialization scenarios will, therefore,
depend on the intended use, whether an individual compound, a multicomponent mixture or
crude aqueous extract of OMW are to be recovered.

7. Conclusion

This chapter discusses the potential of a scale-up enzymatic treatment for OMW with the aim
of increasing HT concentration. Hydrolytic treatments were investigated using a culture
broth of A. niger on wheat bran in a pilot-scale 100-L fermentor for 7 days. The use of the filtrate
from the A. niger culture broth as a biocatalyst released 1.53, 0.83 and 0.46 g of HT per liter of
North OMW, MSP and MCC, respectively. This process produced a natural and a bioactive
product from a vegetal source as opposed to the molecule obtainable through chemical
synthesis. Taken together, the findings suggested that the proposed enzymatic pretreatment
may be considered useful not only at laboratory-scale applications but also at pilot-scale
applications involving OMW recycling. The application of membrane filtration processes
allowed for the recovery of four main liquid fractions in different volumetric percentages, all
of which may have a potential for commercial use in the food, nutraceutical and cosmetic
industries. In the ultimate concentrate obtained, only 24% of HT was recovered. The new
product obtained met principally the dietary and other requirements: rich in HT, slightly
acidic, with a reduced sugar content, devoid of heavy metals and chemicals and rich in
minerals.
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