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ABSTRACT

During olive oil production a great amount of olive mill wastewater (OMW) is produced
that is potentially a rich source of bio-phenols with wide array of biological activity. The
purpose of the present work is to recover and concentrate the valuable polyphenols from
the OMW using integrated membrane systems. Further study was conducted by employing
enzymatic hydrolysis using β-glucosidase followed by acid hydrolysis in order to release
higher concentration of pure hydroxytyrosol (HT). Meanwhile, efficient treatment of OMW
could be achieved for water reuse as well as protecting the environment. The OMW was
directly subjected to a microfiltration (MF) where 77.6 and 34.8% reduction of total sus-
pended solids (TSS) and chemical oxygen demand (COD), respectively, were achieved. The
Permeate of MF was further subjected to ultra-filtration (UF), where the removal was 44.9%
and 100% for the COD and TSS, respectively. Another portion of the MF permeate was also
subjected to nano-filtration (NF), where COD was reduced from 33 to 6.9 g/l and 100% TSS
removal was achieved. The polyphenols in raw OMW was 2.5 g/l, it was recovered and
concentrated in the Retentate of MF, UF and NF to 2.3, 2.0 and 2.4 g/l, respectively. Almost
all polyphenols were recovered and concentrated in the NF Retentate solution. By employ-
ing the enzymatic hydrolysis using β-glucosidase on NF Retentate followed by acid hydro-
lysis an amount of 1.3 g/l of pure HT could be released. Based on these results OMW can
be used as alternative source of valuable phenolic compound that are useful for industrial
and pharmaceutical applications.
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1. Introduction

The presence of phenolic compounds has a nega-
tive effect on the microbiological treatment of the olive
mill wastewater (OMW). In contrast, phenols are
widely used by pharmaceutical, cosmetic and nourish-
ment sectors [1]. Their properties, such as anti-inflam-
matory, anti-microbic and antioxidant activity, the
inhibition of oxidative damage and the radical elimi-
nation, have been largely studied [1–3]. These com-
pounds are usually synthesized by chemical methods
that are responsible of their high price [2].

Fresh OMW is rich in polyphenols especially oleu-
ropein which is the major bioactive compound of this
by-product in the early harvest season. The molecule
consists of three structural subunits: a polyphenol,
namely 4-(2-hydroxyethyl) benzene-1, 2-diol which is
also known as hydroxytyrosol (HT), a secoiridoid
called elenolic acid and a glucose molecule (Fig. 1) [3].

The hydrolysis of oleuropein, thanks to β-glucosi-
dase action, gives high value-added compounds that
are pharmacologically active [4,5]. HT can be found in
olive products either as the simple phenol or esterified
with elenolic acid to form oleuropein. In addition, HT
is the major bioactive metabolite of oleuropein and it
is considered as one of the most powerful naturally
derived antioxidants [6]. It has been demonstrated that
the other structural subunit, elenolic acid exhibits
strong antiviral properties [7,8]. However, regarding
the beneficial effects of oleuropein and its degradation
products especially the HT, several methods have
been developed to produce this compound by means
of chemical synthesis [9], enzymatic conversion [10],
photochemical synthesis [11], and bench scale purifica-
tion from either olive leaves [12] or olive wastewater
[13]. Other biological methods have also been devel-
oped to produce HT [14,15].

Hence, if phenols could be recovered from OMW,
that will lead to economic benefits. Several researches
have evaluated the feasibility and the economic pro-
cesses for recovering olive phenols from OMW [16] or

from olive mill solid wastes [17]. The main systems
proposed to recover the phenols from OMW are: resin
chromatography; selective concentration by ultra-filtra-
tion (UF) and reverse osmosis (RO); solid–liquid or
liquid–liquid extraction with solvents and supercritical
fluid extraction [18]. In previous investigations [18], it
was reported that among all procedures that were
taken for natural antioxidants recovery, liquid–liquid
solvent extraction represents a simple and convenient
alternative. It was widely used in pilot-scale produc-
tion and in ultimate commercial recovery [16]. The use
of integrated membrane system is becoming another
real alternative to recover polyphenols as it is estab-
lished in some recent works [19,20,21]. The OMW may
be treated efficiently using UF, nano-filtration (NF)
and/or RO to obtain a permeate fraction which can be
discharged safely to the aquatic systems or can be
used for irrigation. In this case, NF was employed for
the separation of the most part of phenols present in
OMW fraction [19]. A membrane process for the selec-
tive fractionation and total recovery of polyphenols,
water and organic substances from OMW was also
proposed [19]. This was based on the preliminary MF
of the OMW, followed by two UF steps realized with
6 and 1 kDa membranes, respectively, and a final RO
treatment [19]. The RO Retentate, containing enriched
and purified low molecular weight polyphenols, was
proposed for food, pharmaceutical or cosmetic indus-
tries while MF and UF Retentate can be used as fertil-
izers or in the production of biogas in anaerobic
reactors [20]. The potentialities of an integrated mem-
brane system for the recovery, purification and con-
centration of polyphenols from OMW were studied
[21]. The proposed system included some well-known
membrane operations such as microfiltration (MF) and
NF [21].

It has been reported that combination of different
membrane technologies was employed for the purpose
of reducing the organic load of OMWs. MF was
employed to remove the suspended solids [21]. Mean-
while, Khoufi et al. [3] employed the enzymatic hydro-
lysis successfully to recover phenols from OMW. Such
hydrolysis treatments were investigated by using cul-
ture broth of Aspergillus niger enzyme on wheat bran
[3]. One step of ethyl acetate extraction of hydrolyzed
OW allowed the recovery of 0.8 g of HT per liter of
OW [3]. Mazzei et al. [22] attempted successfully to
recover a hydrophobic phenol compound (oleuropein
aglycon). They used the combination of both mem-
brane and enzymatic technologies as biocatalytic
membrane reactor [22].

The overall goal of the present study is to combine
membrane and enzymatic technologies to recover and
concentrate valuable phenol compounds from OMWs.

Fig. 1. Oleuropein and its derivatives after enzymatic
hydrolysis by β-glycosidase and esterase.
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The double advantage is to obtain valuable com-
pounds with promising applications in the pharma-
ceutical, food and cosmetics industries as well as
remediating the wastewater by removing the phyto-
toxic load. The study employs integrated membrane
system, namely MF, UF and NF for the treatment of
OMW. Further objective is to examine the β-glucosi-
dase as enzymatic treatment to yield the hydrophobic
compound (oleuropein aglycon) out of the highly rich
polyphenol Retentate. In addition, acid hydrolysis was
carried out in order to release pure low molecular
weight phenolic compound with high antioxidant
activity (HT).

2. Materials and methods

2.1. Feed solution

The OMW was delivered by the TTZ-Bremerhaven
(Water, Energy and Landscape Management),
Germany. The sample came from an evaporation pond
of a three phase olive mill plant in Chania region,
Greece. The raw OMW was stored in an evaporation
pond for four months followed by storing in three
closed dark 4,000 l tank for three months. The tank
content had been homogenized through pumping. A
sample of 25 l was taken in plastic containers and
brought to TTZ, where it was kept in a tight dark,
container at 4˚C. The physical/chemical characteristics
of the OMW before and after treatment were carried
out according to APHA [23].

2.2. Equipment

2.2.1. Laboratory-scale membrane unit P-28

Laboratory-scale membrane unit P-28 is a universal
bench-top unit suited for conducting tests in the fields
of MF, UF, and NF systems and RO. The main feature
of the unit is the flat sheet membrane cell with a
meander-type flow channel for optimum distribution
of the mixture that will be separated. The unit consists
of a membrane cell, feed tank with heating, pump,
pressure indicator as well as pressure control, includ-
ing safety and discharge valves. The unit is mounted
on a stable frame structure. The specification of the
unit is summarized in Table 1. The operating parame-
ters of the unit (max. 35 bar, max. 90˚C) allow the tests
for the purpose of covering complete range of
industrial membrane applications. This enables the
cost-effective pre-selection of adequate processes (i.e.
membrane technology for industrial application). The
schematic diagram of this laboratory-scale membrane
plant is illustrated in Fig. 2.

2.3. Membrane operations

Treatment of OMW can be summarized and illus-
trated in (Fig. 3(a) and (b)). All MF, UF and NF exper-
iments were performed by using the pre-described
laboratory scale membrane unit.

2.3.1. Microfiltration

OMW was directly subjected to the MF unit with-
out any preliminary centrifugation. The unit was
equipped with a MF Nadir MV020 membrane that
was made of polyvinyl-fluoride with mean pore size
of 200 nm and supplied by Microdyn-NADIR GmbH
(Germany). The MF system was operated at a TMP of
1 bar and a temperature of 20 ± 0.01˚C.

The permeate of the MF was divided into two
equal portions. The first portion was further treated
with UF. The second portion was subjected to the NF
treatment system for correlation.

2.3.2. Ultra-filtration

The UF system is a laboratory-scale membrane unit
that is equipped with membrane module as follow:
(membrane made of ceramic with nominal molecular
weight cut-off 20 kD). UF experiments were carried
out at an operating temperature of 20 ± 0.01˚C and a
TMP of about 8 bars.

2.3.3. Nano-filtration

The NF unit was equipped with a DMS DK mem-
brane (membrane material composite, nominal molec-
ular weight cut-off 150–300 Da) supplied by DMS
GmbH. NF experiments were carried out at an operat-
ing temperature of 20 ± 0.01˚C and a TMP of 8 bars.

All membranes; namely MF, UF and NF; were
cleaned after operation using concentrated basic solu-
tion of 0.5% strength cleaning solution (P3-ultrasil 53).

2.4. Enzymatic hydrolysis using β-glucosidase

For Enzymatic hydrolysis: 2.5 ml of the NF
Retentate was dissolved in mixture of 40ml acetate
buffer and 4ml of Dimethyl sulfoxide in a round-
bottomed flask. The hydrolysis was initiated by the
addition of β-glucosidase enzyme to the mixture and
incubated at 25˚C for 24 h with stirring. Due to the
resistivity of enzyme at high speed, the stirring was
conducted at slow speed. This experiment was carried
out in duplicate. The blank was also prepared in
duplicate with distilled water and enzyme. The
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hydrophobic fraction was extracted by separating fun-
nel using tetra-butyl methyl ether. For this purpose,
10ml tetra-butyl methyl ether was added to the mix-
ture followed by vigorous shaking for 10min to
achieve the equilibrium state. The mixture was then
allowed to settle for 1 h. Two phases were separated
and the extraction process was repeated successively

twice. Tetra-butyl methyl ether was subsequently
removed by evaporation. Dry residue was obtained.

2.5. Acid hydrolysis

In order to obtain HT rich extract: the resulted dry
residue from enzymatic hydrolysis was dissolved in

Table 1
Specification of the laboratory-scale membrane unit

Membrane
Membrane disk 75mm outside diameter
Active membrane surface 28 cm2

Parameters
Maximum filling volume 500ml
Maximum operating pressure 35 bar g
Maximum operating temperature 90˚C
Maximum pump delivery rate 1.8 l/min
Operating < 8 bar Setting pressure control valve
Operating > 8 bar Nitrogen blanketing

Fig. 2. Schematic diagram for laboratory-scale membrane plant.
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10ml of MeOH/H2O mixture in a sealed vial. The
solution was hydrolyzed at 100˚C for 1 h using 5ml of
HCl (2M). The sample was left 1 h for cooling, and
then diluted with 10ml water. The hydrophobic frac-
tion was extracted by a separating funnel for three
successive times with 25ml of ethyl acetate. The later
was subsequently removed by evaporation. Identifica-
tion, quantification of HT was monitoring by HPLC.

2.6. Chemicals

The chemicals used in this study are: Folin
Ciocalteu-phenol reagent (Merck), acetone 99%,
methanol, hydrochloric acid and tannic acid 99.5%
(Sigma-Aldrich). The β-glucosidase from almond
(lyophilized powder, one unit liberates 1.0 μ mole of
glucose from salicin per min at pH 5.0 and 37˚C) was
obtained from Sigma-Aldrich. Acetic acid and sodium
acetate (Sigma-Aldrich) were used to prepare 80mM
acetate buffer at pH 6.6.

2.7. Analytical methods

The pH, total suspended solids (TSS) and the
chemical oxygen demand (COD) were determined in
all samples before and after operation according to the
Standard Methods [23]. The polyphenols were deter-
mined by photometric method [24].

HPLC analysis was performed using an Agilent
technologies series 1200 system equipped with an
automatic injector, a column oven, a diode array UV
detector at 278 nm and Agilent Eclipse XDB-C18

RRLC column, 50 × 4.6mm id (1.8 μm pore size). The
mobile phase consisted of (A) 0.1% formic acid
aqueous solution and (B) acetonitrile. The solvent
program was initially 2min isocratic with 90% A
and 10% B, then from 2 to 5min linear gradient to
30% B, finally at 6.5 min linear gradient to 10% B
and re-equilibrium for additional 1.5 min for subse-
quent analysis. The flow rate was 2.0 ml/min. The
injection volume was 5 μl. The column temperature
was set at 30˚C.

Fig. 3. Filtration of raw mill wastewater by: (a) MF followed by NF (b) MF followed by UF.

Table 2
Characteristics of the raw OMW

Parameters N Value ± RSD (%)

pH 3 5.6 ± 0.12
EC (mS) 3 15.16 ± 1.04
TSS (mg/l) 3 3,800 ± 0.9
COD (g/l) 3 56 ± 1.1
COD dissolved (g/l) 3 46.7 ± 0.98
Polyphenols (g/l) 3 2.50 ± 0.86

Notes: N = number of measurement.

RSD (%) = Relative standard deviation (%).
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3. Results and discussion

The characteristics of the raw OMW are given in
Table 2. The level of EC, TSS and COD indicates high
concentration namely 15.16ms, 3,800mg/l and 67.3 g/l,
respectively. The pH was slightly acidic and the
polyphenols was 2.5 g/l.

3.1. MF system

By subjecting the OMW to MF, the initial permeate
flux of 0.77 l/m2 h was reduced by the end of the
experiment to about 44.4%, the time-course of perme-
ate fluxes during the entire experiment is presented in
Table 3. The outlet (permeate) characteristics is given
in Table 4. Basically, pH was slightly changed during
the overall process. The MF achieved 77.6 and 34.8%
reduction in the TSS and COD, respectively (Figs. 4
and 5). Only 10% of the polyphenols was removed
(i.e. permeate contained 90% of polyphenols).

3.2. UF system

Permeate of MF that is rich in the polyphenols was
subjected to UF. The initial permeate flux of 6.1 l/m2 h
was reduced to about 51% by the end of the experi-
ment (time-course is presented in Table 3). The
removal rate of the TSS, COD and the polyphenols in
permeate was increased to 100, 44.9 and 37.8%, respec-
tively, Table 4. The TSS and COD decreased in the
permeate from 850 to 120mg/l, from 36.5 to 20.1 g/l,
respectively Table 3. The polyphenols decrease in the
permeate from 2.25 to 1.40 g/l, where the difference
was concentrated into a smaller volume of the Reten-
tate (Fig. 6). The permeate solution was not clear yet
indicating the presence of polyphenols in reasonable
amount (Fig. 3).

3.3. NF system

When the MF permeate was subjected to the NF,
the initial permeate flux of about 0.21 l/m2 h was
reduced to about 60% by the end of the experiment

(time-course is presented in Table 3). High removal
rate was obtained for TSS, COD and polyphenols;
namely 100, 81.1 and 55.6%, respectively, Table 4. The
outlet (permeate) of the NF parameters reached 6.9 g/l
for COD and zero for TSS (Figs. 4 and 5). The poly-
phenols decreased in the permeate from 2.25 g/l in
the inlet to 1.0 g/l in the outlet (permeate) (Fig. 6).
The difference was concentrated into a smaller volume
of the Retentate. The permeate solution became clear
indicating high removal of the polyphenol compounds
(Fig. 3).

In this respect, Garcia-Castello, et al. [21] reported
that NF Permeate can be further treated via RO to
obtain extra amount of the polyphenols.

3.4. Recovering of polyphenols

Polyphenols were detected in the Retentate in all
the studied membrane filters and the results are given
in Table 5. The polyphenols concentration in the Re-
tentate of MF, UF and NF was 2.3, 2.0 and 2.4 g/l,
respectively. Almost all polyphenols were recovered
and concentrated in the NF Retentate solution. HPLC
was employed for monitoring the simple phenolic
compounds that were recovered through NF process
(Fig. 7). The HPLC chromatograms (Fig. 7) indicate
that the polyphenol compounds are: gallic acid, HT,
protocatechuic acid, tyrosol, p-coumaric acid and oleu-
ropein. However, the highest detected compound was
oleuropein (Fig. 7).

3.5. Enzymatic and acid hydrolysis

Further study was carried out using the enzymatic
hydrolysis followed by acid hydrolysis for the pur-
pose of recovering and concentrating the polyphenols
out of the Retentate. Therefore, β-glucosidase was
employed for enzymatic hydrolysis of the NF Reten-
tate that is highly concentrated with polyphenols. In
this respect, the enzyme breaks the bond between
oleuropein and glucose to yield oleuropein aglycon.
The lipophilic molecule oleuropein aglycon was
extracted into the organic phase while the hydrophilic

Table 3
Time course of the permeate flux

Filtration system

Permeate flux Jw (l/m2 h bar)

Initial flux After 10min After 20min After 30min (final flux)

Micro 0.77 0.70 0.6 0.45
Ultra 6.1 5.0 4.9 3.1
Nano 0.21 0.15 0.13 0.084
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Table 4
Characteristics of the raw OMWs, after MF, UF and NF membrane filtration

Sample N pH ±RSD (%)

COD TSS Polyphenols

g/l ± RSD (%) %R mg/l ± RSD (%) %R g/l ± RSD (%) %R

Raw OMW 3 5.6 ± 0.12 56 ± 1.1 – 3,800 ± 0.9 – 2.50 ± 0.86 –
MF permeate 3 5.7 ± 0.21 36.5 ± 0.85 34.8 850 ± 0.78 77.6 2.25 ± 0.68 10
UF permeate 3 6.2 ± 0.16 20.1 ± 0.59 44.9 120 ± 0.54 85.9 1.40 ± 0.37 37.8
NF permeate 3 6.5 ± 0.19 6.9 ± 0.28 81.1 0 100.0 1.00 ± 0.21 55.6

Notes: OMW= olive mill wastewater, %R = percentage of removal, MF =micro filtration, UF = ultra filtration, NF = nano filtration relative,

RSD (%) = relative standard deviation (%).

Fig. 4. Level of COD and percentage of removal via different membrane filters.

Fig. 5. Level of TSS and percentage of removal via different membrane filters.
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components (i.e. glucose and other polyphenols) were
present in water phase. The process exhibits the possi-
bility to extract the available oleuropein aglycon in a
solvent to be used as a source of pure HT.

Acid hydrolysis of oleuropein aglycon was carried
out for the purpose of extracting pure HT. In this
respect, acid hydrolysis induced breakdown of the
more complex phenolic molecule (oleuropein aglycon)
to HT. The HPLC profile (Fig. 8) showed that HT was
the main compound in the hydrolysis extract.

HPLC standard curve related to HT standard was
employed for calculating the amount of HT released
via enzymatic and acid hydrolysis. The calculated
amount was found to be 1.3 g/l which represents
54.2% of original value in the Retentate.

4. Conclusion

The overall results reveal that MF was able to
remove 34.8% of the COD, 77.6% of the TSS and 10%
of the polyphenols. Further treatment by UF increased

Fig. 6. Level of polyphenol content and percentage of removal via different membrane filters.

Table 5
Polyphenols recovery from OMWs processed by different
membrane filters

Sample N Polyphenols (g/l) ± RSD (%)

Feed 3 2.50 ± 0.86
Retentate MF 3 2.30 ± 0.56
Retentate UF 3 2.00 ± 0.04
Retentate NF 3 2.40 ± 0.10

Notes: MF =micro filtration, UF = ultra filtration, NF = nano filtra-

tion, N = number of measurement, RSD (%) = relative standard

deviation (%).

Fig. 7. HPLC chromatograms of the polyphenols in NF
Retentate, (1) gallic acid; (2) hydroxytyrosol; (3) protocate-
chuicacid; (4) tyrosol; (5) p-coumaric acid; (6) oleuropein.

Fig. 8. HPLC chromatograms for enzymatic hydrolysis of
NF Retentate: (1) HT.
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the total removal to 64.1, 96.8 and 44.0% of COD, TSS
and polyphenols, respectively. By employing NF, the
removal efficiency reached 87.7, 100 and 60.0%,
respectively.

The polyphenols was concentrated in the Retentate
of MF, UF and NF to 2.3, 2.0 and 2.4 g/l, respectively.
Oleuropein was the major phenolic compound that
was detected in NF Retentate. When oleuropein was
subjected to hydrolysis reaction large quantities of HT
was obtained. By employing β-glucosidase enzymatic
hydrolysis followed by acid hydrolysis, 1.3 g/l of HT
was released representing 54.2% of original value in
the Retentate. This study demonstrates that the hydro-
lysis of NF Retentate is a potential source of the bioac-
tive phenolic compounds with promising applications
in food and pharmaceutical industries.

The present study demonstrates a successful
method for the treatment OMW for the purpose of
recovering and concentrating the polyphenols that can
offset the cost of WW treatment with the profit made
from the commercialization of valuable bioactive mol-
ecules. This could improve the economic stability of
olive mills, convert a problematic waste into a
resource, and encourage environmental best practices
in the wastewater treatment sector as well as in the
food and pharmaceutical sectors.

Recommendation

It is recommended that the permeate of NF can be
further treated via RO to recover extra amount of the
polyphenols. At this point the treated permeate can be
reused safely for irrigation.
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