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ABSTRACT

A novel concept for olive mill wastewater (OMWW) concentration, involving the combination
of open and tight reverse osmosis (RO) membranes in tubular configuration, was studied. The
OMWW, prior to RO concentration, was clarified in two successive steps: passing through a
coarse rotating finisher and by ceramic microfiltration, in order to remove suspended matter
and facilitate the RO concentration. The clarified raw material was then concentrated using the
tubular PCI UK AFC40 RO membrane. A parametric study was conducted to investigate the
effect of main process parameters on permeation flux. The permeation flux of AFC40 RO
membrane was found to reach consistently high values without substantial membrane fouling
problems. Furthermore, the parametric study proved that the flux was linearly increased by
increasing the transmembrane pressure, and exponentially decreased by increasing the OMWW
mass concentration factor. In most cases, the permeation flux increased with increasing flow
velocity. The effect of temperature on permeation flux was depended on both transmembrane
pressure and flow velocity. The AFC40 permeate content of total dissolved solids (TDS) was
approximately 0.6%, which accounts for roughly 15% of the TDS in the initial OMWW solution.
The AFC40 permeate was, therefore, further concentrated using the AFC99 PCI UK tight RO
membrane, aiming to obtain a permeate suitable for disposal to natural resources, whilst
simultaneously reclaiming valuable antioxidants by mixing the two retentates of AFC40 and
AFC99 membranes. The results of this study show that the proposed two-stage RO scheme
may be potentially applied in a commercial scale and contribute towards processing of OMWW
to produce liquid antioxidant and water suitable for disposal to natural resources.

Keywords: Olive mill waste water (OMWW); Membrane concentration; Tubular reverse
osmosis; Mathematical modelling

1. Introduction are approximately 750 million productive olive trees
(Olea europaea L.) worldwide, with the countries of the
Mediterranean basin concentrating 97% of the world
olive oil production [1]. In parallel, it has been esti-
mated that more than 30 x 10° m® of oil mill waste is
*Corresponding author. produced annually in the Mediterranean region, with

Olive oil production is one of the main agricultural
activities in the Mediterranean basin countries. There
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Spain, Italy and Greece being the largest producers
[2]. This dark-coloured olive mill liquid effluent
(OMWW) poses a significant environmental hazard, as
the seasonality of olive oil production and the charac-
teristics of wastewater (very high chemical oxygen
demand, COD > 80 gL_l, total suspended solids,
TSS>20g L7, acidic pH 4-5, phenolic compounds
1.5-10 g L") make its management difficult and costly
[3,4]. However, this potentially harmful effluent, for
the ecosystem, can serve, if properly managed, as an
inexpensive and convenient source of natural antioxi-
dants, mainly due to its high polyphenolic content.
Polyphenols are water-soluble organic compounds
and, therefore, they are found in higher concentration
in OMWW than in olive oil itself [5,6]. So far, more
than 40 phenols have been identified in OMWW, such
as hydroxytyrosol, tyrosol, caffeic acid and p-coumaric
acid. Hydroxytyrosol is considered the main natural
polyphenolic compounds due to its high bio-antioxi-
dant capacity [7]. Moreover, as natural substances,
their high-potential antioxidant properties are reflected
in their high market price, and their great demand in
the cosmetic, pharmaceutical and food industry.

Up to now, various treatment processes for the
management and reclamation of OMWW have been
proposed [8]. Biological treatment of OMWW is a hard
task and right now not applied on a large scale, due
to the resistance of OMWW to biological degradation
[9-13]. Other treatment practices have been developed,
such as lagooning or natural evaporation and thermal
concentration [14,15], treatments with lime and clay
[16,17], composting [18-20], physicochemical proce-
dures as coagulation—flocculation [21-23] and electro-
coagulation [24,25], advanced oxidation processes,
including ozonation [26], Fenton’s reagent [27,28] and
photocatalysis [29] and also electrochemical [30-32]
and hybrid processes [33-36]. Most of the above-men-
tioned technologies face the OMWW as a waste that
must be destroyed and not to be used as a raw mate-
rial for the production of high added value products
and simultaneously reclaim valuable water resources.
In contrast to this approach, membrane technologies,
which are developed within the last decade, attempt
to utilize the OMWW for production of valuable
antioxidant and clean water, according to the EU prin-
ciple of total discharge of the waste materials.

As it is cited by Zagklis et al. [37], membranes have
been implemented for the purification of olive mill
wastewater (OMWW) by many researchers and mostly
not as a plain technology, but as a combination, with
some of them trying to isolate and purify the phenolic
compounds contained. Russo [38] tested a membrane
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system consisting of microfiltration (MF), ultrafiltration
(UF) and reverse osmosis (RO), where the low-molecu-
lar weight phenols were concentrated in the RO step
and also proposed the addition of a nanofiltration (INF)
step before RO, where phenols could be concentrated
instead. The final product had a concentration of free
low-molecular weight phenols at 0.5g L™', with 80%
being hydroxytyrosol. Garcia-Castello et al. [39] pro-
posed a system consisting of MF, NF and osmotic dis-
tillation (OD)/vacuum membrane distillation. The
low-molecular weight phenols were concentrated to
0.5gL™" in the OD step, with 56% being hydroxyty-
rosol. Conidi et al. [40] combined an MF and UF sys-
tem followed by a multiphase biocatalytic membrane
reactor (MBMR) system for the conversion and separa-
tion of oleuropein to oleuropein-aglycon. The conver-
sion achieved in the MBMR step was 45.7% for a feed
concentration of 545 mgL™" oleuropein. El-Abbassi
et al. [41] proposed the use of membrane distillation
for the concentration of all compounds contained in
the waste, including phenols, and the removal of clear
water. Cassano et al. [42] tested the effect of UF mem-
branes used for the separation of phenols from
OMWW and proposed an integrated membrane sys-
tem, consisting of two sequential UF steps and finally
an NF membrane for the concentration of OMWW
phenols with a final concentration of 960 mgL™"
[42,43]. In previous works [44,45], the combination of
UF-NF/RO was examined resulting to a final phenol
concentration of 10 gLfl. Moreover, combined mem-
brane schemes including either MF in combination
with UF and NF [46] or UF and NF [47] were used tar-
geting high added value hydrotyrosol production.

The aim of the present work was to comprehen-
sively investigate a novel scheme of concentration of
initially MF clarified OMWW, using a two-step tubular
RO technology, employing a low rejection membrane in
the first stage and a high rejection tight RO membrane
as a second step for polishing the permeate of the first
step and reclaiming pure water and concentrated
antioxidant solution with very low fouling effects.

2. Materials and methods
2.1. Olive mill wastewater

Samples of OMWW were taken from a local olive
mill at Pournari village, Larissa, central Greece, in
December 2014. The samples were taken directly from
the output stream of the three-phase decanter centrifu-
gal of the olive mill, and they were stored in twenty
25-L plastic bottles at a temperature of 2°C.
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2.2. OMWW pre-treatment

Due to high TSS and sludge content of OMWW,
the OMWW samples were initially centrifuged, using
a rotating finisher equipped with a stainless steel
screen with openings of 150 um diameter, in order to
remove the sludge naturally contained in the OMWW.

In the second step of the pre-treatment process, the
liquid, which had passed through the finisher and still
contained oil residuals, was micro-filtered in a tangen-
tial flow ceramic MF module, type CMV 3-30 equipped
with three ceramic membranes type CMF19040—
200 nm with a total filtration area of 0.69 mz, in order to
remove oil residuals and the remaining large size sus-
pended solids. The Chinese company Jiangsu Jiuwu Hi-
Tech Co. Ltd supplied this module, along with the
membranes. The MF process continued until approxi-
mately 80% of the initial volume was collected as per-
meate. The operating conditions of MF were:
transmembrane pressure 3.5 bar, temperature 40°C and
flow velocity 10 m s™'. The obtained micro-filtrate was
then used as a raw material for the RO experiments.
OMWW micro-filtrate contained 96.2% water, 0.55%
polyphenols, 3.05% total carbohydrates, 0.2% proteins
and no fat (0%), since the use of the 0.2-um pore size
diameter concentrated the oil to the retentate.

2.3. Tubular RO membranes

Two respective tubular RO membranes were used:
(@) The low rejection AFC40 RO membrane (open RO
membrane), which was a thin-film composite type of
membrane having aromatic polyamide top selective
layer, pH resistivity from 1.5 to 9.5, allowed maximum
operation temperature 60°C and maximum operation
pressure 60 bar and apparent retention 60% as CaCl,.
The retention capability of the AFC40 RO membrane
was relatively low, within the range of nano-filtration,
and (b) The AFC99 tight RO membrane, which was a
thin-film composite type of membrane having aro-
matic polyamide top selective layer, pH resistivity
from 1.5 to 12.0, allowed maximum operation temper-
ature 80°C and maximum operation pressure 64 bar
and apparent retention 99% as NaCl.

Both membranes were of 1.2m length and of
0.0125 m diameter (effective membrane surface of
0.88 m?). Also, both membranes were used in sets of
18 pieces each.

2.4. Description of RO experimental rig and experimental
sequence

The RO experimental rig is presented in Fig. 1. It
consisted of the following components:
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(1) A high-pressure positive displacement plunger
pump, with three plungers and model power
sprayer manual type TF-100, which was cap-
able of producing a pressure from 0 to 40 bar
and delivering the liquid at 150 L min~". The
pump was equipped with a pressure relief
valve.

(2) An electronic inverter connected to the pump
type ELECTRO ADDA SPA, Italy.

(3) Two tubular membrane modules, type Bl by
PCI UK. One of the two modules was operat-
ing in series flow and accommodated 18
AFC40 low rejection RO membrane tubes, and
the second with twin-entry type flow and
accommodated 18 AFC99 tight, high rejection
RO membrane tubes. The first module was
used for the experimentation with the low
rejection AFC40 RO membrane and the second
for the experiments with the AFC99 high
rejection RO membrane.

(4) A 500-L capacity stock tank, where the
OMWW micro-filtrate was accommodated. The
tank was equipped with heating and cooling
facilities and automatic temperature control in
order to control the temperature of the pro-
cessed OMWW.

(5) A back pressure valve, located at the output of
the two modules, used to adjust the operating
pressure at the required value.

(6) A set of food grade, high-pressure (externally
reinforced with metallic cover), plastic tubes,
used to connect the above-mentioned compo-
nents and form the experimental rig. All the
tube connections were of safe type and leakage
proof for high-pressure operation.

The experimental methodology involved initially
the investigation of membrane fouling problems. The
two membranes were left to operate for at least 1 h at
a medium pressure of 20 bar, tangential velocity dur-
ing cross-flow filtration (flow velocity) of 5.5ms '
and temperature of 35°C, in order to stabilize and sur-
pass the first stage of high flux vs. time reduction,
which represents the build-up of the fouling layer on
the membrane. At these conditions, the flux measure-
ment was repeated several times within the experi-
mental course, in order to collect data for the
membrane fouling.

As a second step, the permeation flux was mea-
sured under different conditions of temperature, flow
velocity and transmembrane pressure. Specifically,
three temperature settings: 25, 35 and 45°C were com-
bined with four flow velocities: 4.1, 5.5, 6.9 and
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Fig. 1. The RO experimental rig (TC: temperature control, GV: gate valve, BPV: back pressure valve, PG: pressure gauge,

HCE: heating/cooling element).

83ms ' and four transmembrane pressure settings:
10, 20, 30 and 40 bar.

Furthermore, the mass concentration ratio (MCR),
at time ¢ (in minutes) from the beginning of the con-
centration, was determined as the ratio of the initial
mass of OMWW micro-filtrate (kg of OMWW micro-
filtrate originally placed in the stock tank at t =0) to
the mass of OMWW micro-filtrate at time ¢ minutes
from the beginning of the experiment, which was cal-
culated by subtracting the mass (kg) of RO permeate
(first RO module) at time t from the mass of OMWW
micro-filtrate at t = 0. In order to evaluate the effect of
MCR on the RO permeation flux, the transmembrane
pressure was adjusted to 30 bar, the operation temper-
ature to 35°C and two respective sets of data were
taken at flow velocities of 4.1 and 6.9 ms !, at four
MCRs: 1 (non-concentrated OMWW), 1.17, 141 and
1.77.

Moreover, a comparison of the performance of two
RO membranes—AFC40 and AFC99—was carried out.
The permeation flux of the two membranes was deter-
mined under the following operating conditions: flow
velocity 4.1 ms }, temperature 35°C and transmem-
brane pressure of 10 bar, 20 bar and 25 bar.

Finally, the RO permeate of the AFC40 was con-
centrated using the tight AFC99 RO membrane at
transmembrane pressure 40 bar, temperature 45°C and
flow velocity 6.9 m s™', in order to evaluate if the aver-
age permeation flux is of commercial magnitude.

Measurements of the total antioxidant activity of
the initial OMWW micro-filtrate, AFC40 permeate and
AFC99 retentate were measured using the standard
method [48], in order to determine the recovery of the

high added value antioxidants using the combined
open and tight RO membrane operation schemes.

The membrane permeation flux value was calcu-
lated at all times using Eq. (1):

Flux (kgm™2h™") =12 x % 1)

where A is the membrane area in m? and Ms is the
mass of permeate collected within 5 min.

2.5. Membrane cleaning regime

The membrane cleaning regime for
membranes consisted of the following steps:

both

(1) Rinsing with de-ionized water for 15 min.

(2) Filling of the stock tank with hot water at 48°C.

(3) Addition of Ultrasil 69 (0.36%), Ultrasil 67
(0.16%), Ultrasil 02 (0.04%), one after another,
with simultaneous stirring and circulation for
45 min.

(4) Rinsing with hot water at 48°C.

(5) Filling of the stock tank with hot water at 48°C.

(6) Addition of acidic cleaner Ultrasil 75 (0.12%)
with simultaneous stirring and circulation for
15 min.

(7) Rinsing with hot water at 48°C.

(8) Filling of the stock tank with hot water at 48°C.

(9) Addition of alkali cleaner Ultrasil 110 (0.24%)
with simultaneous stirring and circulation for
15 min.
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(10) Rinsing with hot water at 48°C.

(11) Membrane preservation with 0.1% sodium
bisulphate solution to prevent microbial
growth.

All the cleaner solutions used were purchased
from HENKELECOLAB, Greece. This cleaning regime
was proved effective in restoring the membrane per-
formance after its long-term operation (operation time
over 12 h).

3. Results and discussion

3.1. Comparative flux values and rejection factors for
concentration with AFC40 and AFC99 tubular RO
membranes

The comparison of the performance of two RO
membranes AFC40 and AFC99 is graphically repre-
sented as the flux vs. transmembrane pressure in
Fig. 2. The AFC40 RO membrane resulted in substan-
tially higher performance than the AFC99, with the
flux value being more than fourfold higher under the
same operating conditions for AFC40 RO membrane.
For this reason, it was chosen to conduct the OMWW
micro-filtrate concentration study using the AFC40
membrane and use the AFC99 for the concentration of
the low-concentration permeate of the AFC40.

Furthermore, the retentions of total dissolved
solids (TDS) by the two respective RO membranes
were also different. The permeate of the AFC40 con-
tained about 0.6% w/w TDS, which counted for 18%
of the concentration of the OMWW micro-filtrate

ies # AFC99
140
¢ CIAFC40
A
120 P
_ #
< 100 //D
£ " y=3,4273x
P Y f
> 8 g R?=0,9738
R
(¥ //
40 |j//
20 @ y=0,7123x
o R2=0,765
0 )
0 10 20 30 40 50

Transmembrane pressure (bar)

Fig. 2. The effect of transmembrane pressure on permeate
flux for the AFC40 and ACF99 RO membranes. The
OMWW flow velocity was 4.1 m s ! and the temperature
was 35°C.
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(3.3% w/w) or 82% retention. On the other hand, the
retention achieved using the AFC99 RO membrane
was almost 100%.

3.2. The effect of transmembrane pressure on permeation
flux of AFC40 membrane

The effect of the transmembrane pressure on the
RO permeation flux of AFC40 membrane is presented
in Fig. 3, taking into consideration the effect of flow
velocity. The permeation flux increased linearly with
increasing transmembrane pressure. The maximum
flux value was 165 kg m > h™" and it was achieved at
transmembrane pressure of 40 bar (temperature 25°C
and flow velocity 8.3 m s™"). This flux value is consid-
ered to be high and suitable for commercial application
of the RO for the concentration of clarified OMWW.

3.3. The effect of flow velocity on permeation flux of AFC40
membrane

In general, the AFC40 permeation flux was found
to increase with increasing flow velocity. It was
observed that at lower temperature, this increase of
flux between the lower and higher flow velocity was
more substantial (Fig. 4). At the temperature of 45°C
and transmembrane pressure of 40 bar, however, the
higher flow velocity resulted in decreased permeation
flux, potentially due to concentration polarization. The
graphical representation of the ratio flux/flow velocity
vs. flow velocity showed the exponential relationship
of the two parameters (Fig. 5).

y =4.0368x
R2=0.9902

y = 3.7871x
R = 0.9962

y = 3.5698x
R?=0.9973

y =2.9005x
R?=0.9953

Flux (kg m2h)

0 10 20 30 40 50
Trans-membrane pressure (bar)
OMWW flow velocity: 4.1 m/s 05.51 m/s A6.89 m/s X8.27 m/s

Fig. 3. The variation of permeate flux of the AFC40 RO
membrane on different transmembrane pressure values as
affected by OMWW flow velocity at temperature of 25°C.
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Fig. 4. The effect of OMWW micro-filtrate flow velocity on
permeate flux of the AFC40 RO membrane, for different
conditions of temperature (25, 35 and 45°C) and transmem-
brane pressure (20 and 40 bar).

3.4. The effect of operating temperature on permeation flux
of AFC40 membrane

OMWW micro-filtrate permeation flux of the
AFC40 RO membrane was found depended on operat-
ing temperature, but it did not follow an Arrhenius
relationship, as it is commonly observed for RO mem-
branes. It is apparent from the data presented in Fig. 6
that the effect of temperature on permeation flux was
depended on both transmembrane pressure and flow
velocity. In general, the increase in temperature
resulted in increased flux in the case of flow velocity
of 4.1 ms™', irrespectively of transmembrane pressure.
The increased flux with increasing flow velocity at
constant transmembrane pressure was attributed to
lower polarization effect. The flux was practically not
influenced by temperature at flow velocity of
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Fig. 5. The exponential relationship between OMWW
micro-filtrate flow velocity (u) and the quotient of perme-
ate flux/u.
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55ms !, irrespectively of transmembrane pressure. In
the case of flow velocity of 6.9 and 83 ms ' and
transmembrane pressure 30 and 40 bar, the increase in
temperature over 35°C resulted in decreased flux. Fur-
thermore, in the case of pressure 40 bar and flow
velocity 8.3 ms™', the permeation flux reduced from a
value over 170kgm >h™' at 25°C to less than
140 kgm > h™" at 45°C. The reduction of the perme-
ation flux with increase in temperature, at higher pres-
sures and flow velocities, was probably due to
membrane compaction.

3.5. The effect of mass concentration on permeation flux of
AFC40 membrane

The effect of MCR on permeate flux was deter-
mined for two respective settings under experimental
conditions: (a) at 35°C, 30 bar and 4.1 m s}, and (b) at
35°C, 30 bar and 6.9 ms™'. As shown in Fig. 7, a rapid
reduction in the permeation flux with increasing MCR
was observed. Permeation flux decreases exponentially
with increasing MCR, in both conditions studied.

3.6. The fouling of AFC40 and AFC99 membranes

In order to assess potential fouling problems of the
AFC40 membrane, a set of measurements of the per-
meation flux were taken at transmembrane pressure of
20 bar, temperature of 35°C and flow velocity of
56ms ', in a course of 5 h and 15 min (Fig. 8). The
permeation flux was measured several times within
this time period. The results indicated that the fouling
effect was not substantial when the AFC40 membrane
was used for the concentration of OMWW micro-fil-
trate, probably due to the effect of the clarification and
oil residues removal by the ceramic MF membrane.

The same effect was also observed in the case of
concentration of the AFC40 permeate using the AFC99
RO membrane. In this case, the permeation flux
observed was higher than 60 kgm “h™' (data not
shown). This value appears to be four times higher
than the permeation flux measured in the case of con-
centrating OMWW micro-filtrate with the AFC99 RO
membrane.

3.7. Mathematical modelling of RO concentration by
AFC40 tubular membrane

A mathematical model was developed to predict
the permeation flux values for the RO concentration of
OMWW micro-filtrate by the AFC40 tubular RO mem-
brane. The general form of the modelling equation
was based in the above-mentioned experimentally
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Fig. 6. AFC40 RO membrane permeate flux fluctuation with temperature, for different conditions of OMWW micro-fil-

trate flow velocity and transmembrane pressure.
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Fig. 7. The effect of OMWW micro-filtrate MCR on perme-
ate flux of the AFC40 RO membrane at temperature of
35°C, transmembrane pressure of 30 bar and flow velocity
of 41 and 6.9 ms ™.

found dependencies of the permeation flux on the
independent variables AP (transmembrane pressure),
T (temperature), u (flow velocity) and MCR. The
experimental data points (66 in total) were used in
order to predict the six parameters C;, Cp, C3, C4, Cs,
Cs of the modelling equation (Eq. (2)):

G X AP x (Co 4+ C3 x T+ Cq x T?) x uS
B MCR®

Flux (kgm—2h™1)
2

The non-linear regression analysis software NLREG
(by Phillip H. Sherrod, Member Association of
Shareware Professionals (ASP)) was used to predict
the values of the parameters. The predicted values are
presented in Table 1.
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Fig. 8. Permeate flux of the AFC40 RO membrane fluctua-
tion with time (temperature of 35°C, transmembrane pres-
sure of 20 bar and flow velocity of 5.6 m s™).

Table 1

Predicted values of model parameters

Parameter Value

G 0.00320650819
Ca 386.391362

Cs 19.1462136

Cy —0.279068751
Cs 0.287780952
Ce 3.76121941

The goodness of the fitness is presented in Fig. 9,
where the experimentally measured flux values are
plotted against the predicted ones by the model. The
correlation between the two parameters is linear and
the slope is unity, with R*=0.97, thus implying a
high-accuracy fitting of the experimental data by the
proposed formula.

The model of Eq. (2) is not directly including the
osmotic pressure of the concentrated OMWW liquid
as the majority of the proposed models for RO appli-
cations. However, the introduction of MCR in this
model equation, which is a parameter correlated with
the osmotic pressure of the OMWW liquid, creates an
equivalent effect and takes into account the depen-
dence of the osmotic pressure on the OMWW concen-
tration. This novel modelling approach is more
convenient as it does not demand measurements of
OMWW osmotic pressure at various concentrations,
but instead much simpler flux measurements at vari-
ous MCRs. This novel approach can also be of general
use in RO applications.
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4. Conclusions

In the present work, the use of a dual RO mem-
brane technology scheme in concentrating OMWW
was studied at pilot size. In the first step, the tubular
(open geometry) commercial RO membrane AFC40
was used to concentrate the OMWW micro-filtrate,
which was obtained by OMWW pre-treatment using
MF. OMWW micro-filtrate concentration with the
AFC40 RO membrane resulted in high flux values
without substantial fouling effects. In the second step,
the permeate of AFC40 was effectively concentrated
using the tubular high rejection commercially avail-
able RO membrane AFC99. At the end, clean water
was produced as permeate, while the retentate was
mixed with the AFC40 retentate to produce a concen-
trate solution containing the valuable olive fruit
antioxidants for commercial utilization in food and
cosmetic use.

Regarding the operating conditions of the AFC40
RO membrane, the optimum permeation flux value
was 170 kg m > h™', achieved at transmembrane pres-
sure of 40 bar, temperature of 25°C and flow velocity
of 83ms . The comprehensive parametric study
proved the dependency of permeation flux on trans-
membrane pressure, operating temperature, flow
velocity and MCR. Furthermore, based on the experi-
mental data, a novel mathematical model was success-
fully developed which can be used for design
purposes, and also in various RO applications.
According to the proposed model, permeation flux
increases linearly with increasing transmembrane
pressure, increases exponentially with increasing flow
velocity, decreases exponentially with increasing MCR
and finally, there is a polynomial second-order
dependence of permeation flux on temperature.
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