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A B S T R A C T

In this research work, the efficiency of Micellar Enhanced Ultrafiltration (MEUF) was evaluated for recovery of
polyphenols from aqueous solution, using three surfactants, namely Esterquat, Dodecylbenzenesulfonic acid
sodium (DBSS) and Lutensol AO 7 (cationic, anionic and non-ionic surfactants, respectively). Firstly, the critical
micellar concentration (CMC) was experimentally determined for each surfactant. CMC values of DBSS was
almost 4 orders of magnitude higher than Esterquat and around 200 orders higher than Lutensol A07, indicating
the high efficiency of micellization for Esterquat and Lutensol A07. On the other hand, the effect on the poly-
phenols retention percentage of several factors in the practical application of MEUF was investigated including
transmembrane pressure, nature of surfactant, feed surfactant concentration, mole fraction of non-ionic sur-
factant as well as initial pH value. Results showed that the permeate flux increased with increasing trans-
membrane pressure. It was concluded that the highest retention efficiency was obtained for the cationic sur-
factant during the first filtration minutes (higher than 90%). Moreover, the surfactant concentration of 5 CMC
gives the best rejection percentage. There was no significant improvement with addition of non-ionic surfactant.
Regarding the influence of initial pH, polyphenols rejection percentage slightly increased with an increase in the
pH up to a value equal to 3 (from 93 to 95%), but higher pH values resulted in lower polyphenols retention
percentage. The results demonstrate the high efficiency of MEUF system under optimal conditions for the
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treatment of polyphenols-contaminated wastewaters and for the concentration and recovery of these phenolic
compounds.

1. Introduction

The main effluent coming from the olive oil industry is known as
olive mill wastewater (OMW), which constitutes a serious environ-
mental threat because of its high organic load and phytotoxic and an-
tibacterial properties [1–3]. These phytotoxic and antimicrobial effects
are mainly attributed to the presence of polyphenols as well as some
organic acids, which are accumulated as microbial metabolites during
storage. In addition, these phenolic compounds are characterized by
high specific chemical oxygen demand (COD) and are responsible for
the black colour of this wastewater [4,5]. Therefore, OMW has been
considered for a long time as a dangerous waste with quite negative
impacts on the environment and an economic problem for the olive oil
industry [6]. However, in the last years, this view has changed and
OMW is recognized as a potential low-cost material rich in polyphenols,
which can be extracted and applied as natural antioxidants for food,
pharmaceutical and cosmetics industries [7–15]. In this scenario, the
recovery of biologically active compounds from OMW constitutes a
viable alternative for adding value to this problematic waste and even
to reduce the environmental impact.

OMW phenolic fraction is characterized by a great complexity and
includes a number of simple phenols, flavonoids and secoiridoids. The
most abundant polyphenol in OMW is Hydroxytyrosol, which has par-
ticularly high antioxidant, antibacterial, anti-inflammatory and anti-
angiogenic activities [16,17]. Moreover, cinnamic acid, vanillic acid
and protocatechuic are usually present at noticeable concentrations in
OMW, among others polyphenols [18].

In the last decades, several methods for phenolic compounds re-
covery from OMW have been proposed, including solvent extraction,
centrifugation, supercritical fluid extraction, chromatographic proce-
dures as well as adsorption and ion exchange processes [19–21]. Un-
fortunately, these techniques are usually expensive and/or in-
appropriate [22]. In this sense, membrane technology has become as a
promising tool for OMW wastewaters management. Concretely, pres-
sure driven-membrane processes can be classified as microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO)
based on their pore size. RO and NF are suitable techniques for separ-
ating small molecular weight of pollutants in the aqueous phase. Not-
withstanding, these processes present several disadvantages such as less
permeate flux and higher transmembrane characteristics as well as
concentrated polarization, cake formation and severe membrane
fouling. These drawbacks make the purifying process much more ex-
pensive and restrict their extensive use [22].

Because UF has high permeate flux and low differential pressure, it
shows great advantages for wastewater treatment compared to other
membrane methods. Nevertheless, the ordinary UF process is in-
effective for some of these polyphenols because of their low molecular
weights (500–4000 Da). Actually, polyphenols are pollutants with
molecular weights often in the range of molecular weight cut off
(MWCO) for UF membranes [23]. Therefore, micellar enhanced ultra-
filtration (MEUF) may be a viable alternative process for their effective
separation [24,25].

MEUF is a separation process in which the solute-containing stream
is treated with a surfactant stream having a concentration well above
the critical micellar concentration (CMC). Most of the solute molecules
are solubilized in the micelles. Micelles being larger in size can be re-
moved along with the solubilized organic contaminants using an ap-
propriate UF membrane at lower operating pressure. The permeate
stream contains unsolubilized solutes and free surfactants. Therefore,
MEUF may be an alternative to overcome the inherent limitations of

both UF and RO processes [23].In literature, there are several studies
regarding the use of MEUF to separate different organic compounds
[26–28], using various surfactants. In this line, the efficiency of MEUF
to recover phenolic derivatives including meta-nitrophenol, catechol,
paranitrophenol, and beta-napthol from their model binary mixtures
has been evaluated and has shown a high rejection of such compounds
in the range 66–99.8% [25]. Nevertheless, research studies using MEUF
for the treatment of multi-solute systems such as OMW are very scarce
within membrane literature.

The aim of the present work is to study the efficiency of MEUF when
treating a model solution containing the most abundant polyphenols
present in OMW. With the idea of concentrating these compounds,
different surfactants, namely cationic, anionic and non-ionic surfac-
tants, were tested. Previously, experiments were carried out in order to
determine the empirical values of CMC for these surfactants. Finally,
the influence of some operating parameters such as surfactant con-
centration, the addition of a second surfactant as well as pH on the
permeate flux and the rejection rate were investigated. The results
obtained in this paper are highly relevant since demonstrate that MEUF
is an efficient process for the removal and concentration of polyphenols
from wastewaters such as olive mill effluent. Moreover, it is the first
time that a cationic surfactant is used for the removal and recovery of
phenolic compounds by means of MEUF. As a result, phenolic com-
pounds recovery efficiencies achieved in this study are considerably
higher than those obtained in previous studies based in the use of an-
ionic surfactants.

2. Methods and materials

2.1. Materials

2.1.1. Model solution
The model effluent consisted of a phenolic mixture composed of six

acids (100 mg/L of each) normally present in real olive mill waste-
waters: 3,4,5-trimethoxybenzoic, 4-hydroxybenzoic, gallic and siringic
acid (Alfa Aesar) vanillic acid (Acros Organics) and trans-cinnamic acid
(Sigma-Aldrich), which was prepared to mimic the actual OMW [29].

2.1.2. Surfactants
The cationic surfactant (Esterquat) was supplied by Panreac. The

non-ionic surfactant (Lutensol AO 7) and the anionic surfactant
(Dodecylbenzenesulfonic acid sodium, DBSS) were delivered by
Aldrich-Chemistry.

All reagents were used without further purification. Distilled water
was employed for solution preparation in all experiments.

2.2. Methods

2.2.1. Surface tension measurements
Surface tension (Ω) measurements were performed with a Krüss

Processor Tensiometer K100 using the ring method. Different con-
centration levels of surfactant solutions were prepared by dissolving
pure surfactants in double distilled water (Millipore). The surfactant
concentrations of working solutions were within the range of
50–400 mg L−1, 0.1–3 mg L−1 and 1–100 mg L−1 for DBSS, Lutensol
A07 and Esterquat, respectively. Surface tension was determined at
room temperature by recording ten data points per one concentration
within a measuring interval of 300 s.
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