
Desalination and Water Treatment 
www.deswater.com
1944-3994/1944-3986 © 2012 Desalination Publications. All rights reserved
doi: 10/5004/dwt.2012.3111

*Corresponding author.

44 (2012) 269–275
June

Removal of anionic surfactants by nanofi ltration

Christa Korzenowskia,c, Miguel B.O. Martinsb, Andréa Moura Bernardesc, 
Jane Zoppas Ferreirac, Elizabeth C.N.F. Duarteb, Maria Norberta De Pinhoa,*
aICEMS,Instituto Superior Técnico, Universidade Técnica de Lisboa, Av. Rovisco Pais, 1049-001 Lisbon, Portugal
Tel. +35 1 218417488; Fax: +35 1 218417246; email: marianpinho@ist.utl.pt
bInstituto Superior de Agronomia, (ISA); Universidade Técnica de Lisboa, Tapada da Ajuda, 1349-017 Lisbon, Portugal
cPrograma de Pós-Graduação em Engenharia de Minas, Metalúrgica e de Materiais (PPGEM); 
Universidade federal do Rio Grande do Sul (UFRGS), Porto Alegre, RS, Brazil

Received 13 July 2011; Accepted 19 December 2011

A B S T R AC T

This work addresses the assessment of nanofi ltration (NF) in terms of membrane characteristics, 
operating transmembrane pressure and feed composition for the maximal removal of anionic 
surfactants in wastewater from a detergent industry. Model solutions of linear alkylbenzene sul-
phonates (LAS) and sodium lauryl ether sulphates (SLES) covering a wide range of SLES/LAS 
ratios are used as surrogates of the wastewaters with 0.43 g l−1 of methylene blue active substances 
(MSAS). The NF experiments are carried out in a unit equipped with NF-90, NF-200 and NF-270 
membranes (FilmTec Corp., USA). The applied pressure varied from 15 to 25 bar. The rejection 
coeffi cients to total organic carbon (TOC) are practically independent of pressure and are higher 
than 95% for all model solutions and higher than 92% for the wastewater. The SLES solutions have 
the highest permeation fl uxes of 20–33, 121–207 and 242–371 kg h−1 m−2 for NF90, NF200 and NF270 
membranes, respectively. The permeation fl uxes for the other model solutions have intermediate 
values between the ones of the SLES solution and the ones of the wastewater. These present per-
meations fl uxes as low as 10–11 kg h−1 m−2 for the NF 200 and the NF 270 membranes.

Keywords:  Nanofi ltration; Model solutions; Industrial wastewaters; Membrane; Adsorptive 
fouling; Anionic surfactants

1. Introduction

Surfactants are a class of industrially very impor-
tant amphiphilic compounds. One of the characteristic 
properties of amphiphilic substances is that they tend 
to assemble at interfaces and therefore they are often 
referred to as surface-active agents. Another character-
istic property of these substances is the formation of 
large aggregates (micelles). Surfactants are categorized 
into four groups depending on the charge on the head 

group: nonionic, anionic, cationic and amphoteric sur-
factants [1]. LAS, alkyl ethoxy sulphates (AES), SLES, 
alkyl sulphates (AS) and quaternary ammonium com-
pounds (QAC) are the most commonly used commercial 
surfactants. LAS are the most extensively used for over 
30 years [2].

The annual worldwide consumption of surfactants 
has been steadily increasing. The total amount of sur-
factants (without soaps) consumed in Western Europe 
in 2008 was 2.98 Mt, 1.413 Mt of which were non-ionic, 
1.222 Mt were anionic, 0.254 Mt were cationic and 0.093 
Mt were amphoteric, according to statistics published 
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 by the European Committee of Surfactants and their 
Organic Intermediates (CESIO) [3].

Surfactants have a negative impact on the environ-
ment during their life-cycle. Typically, production, for-
mulation, the use phase, and the discharge phase are 
counted on their life-cycle [4].

In production plants such as the ones producing 
shampoo, liquid dishwasher detergent, shower gel and 
liquid soap, the plant equipments have to be cleaned and 
disinfected after every change of product for ensuring 
the hygiene and safety of products and for preventing 
contamination. The wastewaters generated from these 
cleaning operations are usually centrally collected and 
contain, besides surfactants, auxiliary substances, such as 
salts, dyes, perfumes, ethanol and others. These wastewa-
ters may be treated by different processes, like biological 
treatment, foam fractionation, chemical precipitation, oxi-
dation, adsorption and membrane processes [5–7]. How-
ever, the presence of surfactants in high concentration in 
biological stations produces foams that cause perturba-
tions on the treatment process [6,8]. Furthermore, waste-
waters containing a large amount of surfactants and high 
COD content cannot be easily treated either by conven-
tional physico-chemical or biological processes [8,9].

After use, residual surfactants and their degradation 
products are also discharged to sewage treatment plants 
or directly to surface waters. LAS are aerobically well 
degraded, the formation of metabolites is well-known 
and display high levels of biodegradation in some 
waste water treatment processes [10]. However, LAS are 
believed not to degrade under anaerobic conditions and 
since much of the load into a sewage treatment facility is 
associated with suspended solids, they escape from aer-
obic treatment processes. In fact, LAS and other surfac-
tants, as well as their degradation products, even when 
they are treated in a sewage treatment plant have been 
further detected in the environment. Surfactants enter 
the environment through the discharge of sewage effl u-
ents into surface waters and through the application of 
the sewage sludge on land as soil conditioner [4,11,12].

As a consequence of their widespread use, surfac-
tants may persist in water systems at relatively high con-
centrations [11,13–15]. This poses severe environmental 
problems, as they are associated to interference with 
reaeration of water, which is low in dissolved oxygen. 
The search for effi cient treatment processes remains still 
as a matter of research.

In detergent production plants, membrane processes 
are emerging as the leading contenders for processing 
water recycling and for the recovery of concentrated 
products from wastewater generated in the cleaning 
processes used in the batch production of detergents, or 
as a polishing step before the effl uents are discharged [5]. 
In fact, membrane pressure-driven processes such as 

ultrafi ltration (UF) and NF display adequate surfactant 
removals despite the membrane fouling problems. As 
expected, the UF surfactants removals [16–18] are lower 
than the NF ones [19,20]. Besides, for charged organic 
compounds, electrostatic attraction or repulsion forces 
between the component and the membrane infl uences 
the degree of fouling [21,22]. Van der Bruggen et al. [20] 
concluded that in surfactant removal by NF the anionic 
surfactants presented the least problems of membrane 
fouling. Arayici et al. [23] evaluated NF to the treatment 
of solutions containing high concentrations of anionic 
and nonionic surfactants and low dye and salt concen-
trations. The results showed no serious fouling of the 
NF membrane and a rejection effi ciency of over 98% for 
anionic surfactants.

The present work evaluates in terms of membrane 
characteristics, operating transmembrane pressure 
and feed composition to the performance of the NF of 
an industrial wastewater. This wastewater is gener-
ated from the raw-material and product tanks from the 
washing and feeding equipment spillage and accidental 
product losses and the major components are two very 
common anionic surfactants: LAS and SLES. Model 
aqueous solutions of SLES and LAS and of its mixtures 
in the proportions of 1:5, 1:10, 1:20 are used as surrogates 
of the industrial effl uent that has a total concentration 
of 0.43 g l−1 of MBAS. The MBAS parameter measures 
the blue colour intensity resulting from the association 
of the MBAS anion with the methylene blue cation. The 
surfactants discharge limits for the water body are fi xed 
in 0.2 mg MBAS l−1 [24].

2. Experimental

2.1. Model solutions and industrial waste water

Commercial mixtures of surfactants consist of sev-
eral tens to hundreds of homologues, oligomers, and 
isomers of anionic, nonionic, cationic and amphoteric 
compounds. It is for these reasons that the industry stan-
dard is to analyze for MBAS using LAS as the equivalent 
standard. Methylene blue, a cationic dye, will transfer 
into immiscible organic liquid upon equilibrium. This 
occurs through ion pair formation by the MBAS anion 
and methylene blue cation. The intensity of the result-
ing blue colour in the organic phase is a measure of 
MBAS. This method comprises three successive extrac-
tions from an acid aqueous medium containing excess 
methylene blue into chloroform (CHCl3), followed by 
an aqueous backwash with two successive extractions 
of chloroform. The resultant blue colour in the CHCl3 is 
measured by a spectrophotometry at 652 nm [25].

An industrial wastewater is collected directly from 
washing waters of a detergent industry based on LAS 
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and SLES that account for a total concentration of 
0.43 g l−1 of MBAS. Table 1 presents the characteristics of 
this industrial wastewater.

Binary aqueous model solutions of LAS and SLES 
were prepared from a LAS concentrate with 970 g l−1 
MBAS and a SLES concentrate with 270 g l−1 MBAS, 
respectively. In order to act, in terms of MBAS, as sur-
rogates of the industrial wastewater, the LAS and SLES 
solutions were prepared by dilution with deionised 
water with a fi nal MBAS concentration of 0.4 g l−1. Mix-
tures of SLES and LAS Solutions in the proportion of 1:5 
(SLES/5LAS solution), 1:10 (SLES/10LAS solution) and 
1:20 (SLES/20LAS solution) were prepared, all with a 
fi nal total MBAS concentration of 0.4 g l−1. The solutions 
were prepared with deionised water with a pH of 5.2 
and a conductivity of 0.78 μS cm−1. Table 2 presents the 
characteristics of all the model solutions.

2.2. Membranes

The three NF membranes, designated by NF90, 
NF200 and NF270, were supplied by Filmtec Corp (Min-
neapolis, MN, USA). The membrane characteristics 
according to the supplier are presented on Table 3.

They are in this work characterized in terms of the 
hydraulic permeability, Lp, and in terms of rejection coef-
fi cients to reference solutes – NaCl, Na2SO4 and glucose. 
The rejection coeffi cients to salts were determined in 

terms of conductivity and to glucose were determined 
in terms of TOC.

2.3. Nanofi ltration permeation experiments

The NF experiments were performed in laboratory 
fl at-cell units, previously described by Afonso and Pinho 
[27]. The membrane surface area of the permeation cells 
were 13 × 10−4 m2. The NF setup is schematically pre-
sented in Fig. 1.

Membrane conditioning was carried out through the 
circulation of pure water (conductivity <1 μS cm−1) pres-
surized at 30 bar for 2 h. This avoided pressure effects 
on the membrane structure in subsequent experiments. 
The NF experiments were carried out in total recircula-
tion mode, where the permeate and the concentrate are 
recirculated to the feed tank. Permeation experiments 
of aqueous model solutions of anionic surfactants (LAS 
and SLES) and of an industrial wastewater were carried 
out in order to obtain the variation of permeate fl uxes 

Table 1
Composition of the industrial wastewater

pH 9.8

Conductivity (mS cm−1) 15.2

COD (mgO2 l
−1) 8908

TOC (mgC l−1) 2344

MBAS (g l−1) 0.43

Total solids (g l−1) 14.55

Volatile solids (g l−1) 3.57

Total suspended solids (g l−1) 2.27

Volatile suspended solids (g l−1) 0.72

Table 2
Characterization of the model solutions

 LAS SLES SLES/5LAS SLES/10LAS SLES/20LAS

pH 2.43 5.38 3.24 3.65 4.11

Conductivity (μS cm−1) 438 75.8 135.4 98.8 83.4

TOC (mg C l−1) 261.4 204 215.5 209.7 206.9

COD (mg O2 l
−1) 1007 791 834.2 812.6 801.8

MBAS (g l−1) 0.4 0.4 0.4 0.4 0.4

Table 3
Membrane characteristics [26]

Membrane type NF90 NF200 NF270

Polyamide thin-fi lm 
composite

Maximum operating 
 temperature

45°C

Maximum operating 
 pressure

41 bar

pH range, continuous operation 2–11 2–11 3–10

pH range, short-term 
 cleaning (30 min)

1–12 1–12 1–13

Maximum feed silt 
 density index

SDI 5

Free chlorine tolerancec <0.1 ppm

Solute passage (%) CaCl2 5–15 50–65 40–60

Solute passage (%) MgSO4 <3 <3 <3
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and of the TOC rejection coeffi cients with the transmem-
brane pressure ranging from 15 to 25 bar. The rejection 
coeffi cients to a particular parameter (conductivity and 
TOC content) were determined by Eq. (1), where Cfeed 
and Cpermeate are the conductivity or TOC content in the 
feed and in the permeate, respectively.

C/( ) ( )CC CC feed  (1)

The operating conditions were: temperature 25°C, 
transmembrane pressure ranging from 15 to 25 bar and 
feed fl ow rate of 90 l h−1. The initial volume of feed solution 
for all experiments was 5 l. The membranes were rinsed 
with deionised water before and after the experiments.

2.4. Analytical methods

TOC analysis were performed in a TOC Analytical 
Aurora model 1030 analyzer and previously calibrated 
with potassium hydrogen-phtalate.

Conductivity and pH were determined by electrom-
etry, chemical oxygen demand and MBAS by colorimetry 
and total solids, volatile solids, total suspended solids and 
volatile suspended solids by gravimetry. All these deter-
minations were done accordingly to the Standard Meth-
ods for the Examination of Water and Wastewater [25].

3. Results and discussion

Fig. 2 displays the hydraulic permeability, Lp, of the 
NF membranes tested. Pure water permeation fl uxes 
(PWP) were measured at transmembrane pressures (ΔP) 
of 10, 20 and 30 bar. The slope of the straight lines, PWP 
versus ΔP yields the Lp of 4.3, 8.3 and 13.6 kg h−1 m−2 
bar−1 for NF90, NF200 and NF270, respectively.

The rejection coeffi cients to reference solutes – NaCl, 
Na2SO4 and glucose are presented in Fig. 3. For the glucose 
neutral solute, the rejection coeffi cients decrease with 
the increase of the membrane hydraulic permeabilities 

due to the dominant role of the steric hindrance mecha-
nisms. For the ionic species of the NaCl and Na2SO4 salts, 
the electrostatic mechanisms are the dominant ones. As 
the membranes are characterized by a negative surface 
charge distribution, this means a stronger interaction 
with the bivalent anions and therefore higher rejection 
coeffi cients to Na2SO4 [29,30].

The characterization of the industrial effl uent in 
Table 1 shows a concentration of MBAS of 0.43 g l−1. This 
MBAS concentration, which is an index of biodegrad-
ability, is mainly associated to LAS and SLES. The fi ve 
model solutions described in the experimental section 
were prepared as a surrogate of this industrial wastewa-
ter in terms of biodegradability.

The apparent rejection coeffi cients to the global 
parameter of TOC are displayed in Table 4 for the indus-
trial wastewater and for the Model Solutions.

For the tighter membrane, NF90, the rejection coef-
fi cients are 97 or 98% both for industrial effl uent and 
the model solutions. For the NF200 and NF270 mem-
branes and for the model solutions the rejections coeffi -
cients have the same values as for the NF90 membranes, 
whereas for the industrial wastewater the rejection coef-
fi cients are 93% and 94%. One can therefore conclude 

Fig. 2. Hydraulic permeability of NF90, NF200 and NF270 
membranes.
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Fig. 1. Scheme of the NF installation [28].

Fig. 3. Rejection coeffi cients to reference solutes – NaCl, 
Na2SO4 and glucose of NF90, NF200 and NF270 membranes. 
Transmembrane pressure = 15 bar and feed fl ow rate = 90 l h−1.
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that in the industrial wastewater there are other organic 
compounds, with lower molecular mass than the ones 
of LAS and SLES, contributing to the TOC. Although 
being lower than the values of 97–98% for the model 
solutions, they are higher than the rejection coeffi cients 
of the NF200 and NF270 membranes to glucose, meaning 
that these compounds have higher molecular mass than 
the one of glucose.

Figs. 4–6 display the permeation fl uxes, Jp, versus the 
transmembrane pressure, ΔP, for the NF90, NF200 and 
NF270 membranes, respectively.

Except for the permeation of the industrial waste-
water through membranes NF200 and NF270, the per-
meation fl uxes, Jp increase always linearly with the 
transmembrane pressure, ΔP. The ratios of the slope 
describing this linear variation, Jp versus ΔP, by the slope 
of the PWP fl ux versus ΔP (hydraulic permeability) 
are shown in Table 5.

For all the membranes, the permeation fl uxes for the 
SLES solutions are always higher than the ones for the 

other model solutions and for the industrial effl uent. 
This is verifi ed over all the pressure range. For the SLES 
solution, Jp = 1.3ΔP for the NF90, Jp = 8.2ΔP for the NF200 
and Jp = 13.6ΔP for the NF270. For the membrane NF90 
the slope of 1.3 is practically one third of the value of the 
corresponding hydraulic permeability, whereas for the 
membranes NF200 and NF270 the slopes for the SLES 

Table 4
Apparent rejection coeffi cients, fTOC, for the industrial wastewater and for the model solutions

NF90 NF200 NF270

15 bar 17.5 bar 20 bar 25 bar 15 bar 17.5 bar 20 bar 25 bar 15 bar 17.5 bar 20 bar 25 bar

 fTOC (%) fTOC (%) fTOC (%)

Industrial 
 wastewater

98 98 98 99 93 93 94 94 92 93 93 93

LAS solution 97 98 98 98 97 97 98 97 97 97 97 97

SLES solution 97 97 97 97 97 98 97 97 97 96 96 96

SLES/5LAS 
 solution

96 97 98 98 96 96 97 97 96 97 97 97

SLES/10LAS 
 solution

99 98 98 98 97 98 98 97 98 97 97 97

SLES/20LAS 
 solution

98 97 97 97 97 98 98 98 98 98 97 97

Fig. 4. Variation of permeate fl ux with transmembrane 
pressure—NF 90 membrane.
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Fig. 5. Variation of permeate fl ux with transmembrane 
pressure—NF 200 membrane.
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Fig. 6. Variation of permeate fl ux with transmembrane 
pressure—NF 270 membrane.
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permeation are practically equal to the ones of pure 
water permeation. For all membranes and over all the 
transmembrane pressure range, the permeation fl uxes 
for the other model solutions, LAS solution, SLES/5LAS, 
SLES/10LAS and SLES/20LAS solutions have interme-
diate values between the ones of the SLES solution and 
the ones of the industrial effl uent. In fact, the linearity of 
these fl uxes with the transmembrane pressure is quanti-
fi ed by a single straight line with the same slope, inde-
pendently of the fact of being a LAS pure solution or 
mixtures SLES/LAS.

The industrial effl uent permeation patterns differ 
from the ones of the model solutions. The linear increase 
of permeation fl uxes versus the transmembrane pres-
sure is only observed for the NF90 membrane. This vari-
ation is characterized by a straight line with a slope of 
0.58 kg h−1 m−2 bar−1, whereas the SLES/LAS mixture’s 
permeations have a slope of 0.78 kg h−1 m−2 bar−1. For the 
other two membranes, NF200 and NF270 the permeation 
fl uxes of the industrial effl uent drop drastically and do 
not vary very much with the transmembrane pressures, 
and even display a slight decrease of the permeation 
fl uxes with the increase of the transmembrane pressure. 
This may be attributed to the existence of components, 
besides LAS and SLES that cause severe fouling.

Table 1 shows that the conductivity of 15 mS cm−1 
for the industrial effl uent is 40–200 times higher than 
the conductivity of the model solutions (Table 2). The 
osmotic pressure, calculated in terms of NaCl equiva-
lents to the conductivities of the model solutions, 
yielded values that are two or three orders of magnitude 
lower than the operating pressure values (15–25 bar) 
and therefore can be neglected. The osmotic pressure 
calculated in a similar way to the industrial effl uent 
yields a value of approximately 7 bar. At a fi rst analy-
sis, one could consider that this high osmotic pressure 
could justify the drastic decrease of the industrial effl u-
ent permeation fl uxes over all range of operating pres-
sures. However, the membranes characterized by higher 

hydraulic permeabilities, NF200 and NF270, where the 
effect of osmotic pressure differences should be less pro-
nounced, presented permeation fl uxes for the industrial 
effl uent one order of magnitude lower than the ones of 
the model solutions (Figs. 5 and 6). This is in contrast 
with the tighter membrane, NF90, where the permeation 
fl uxes of the industrial effl uent are of the same order of 
magnitude of the model solutions (Fig. 4). According to 
the NF experiments carried out by Drewes et al. [31] the 
effect of membrane fouling was found to be dependent 
upon the membrane evaluated.

The literature refers that the pH also plays an impor-
tant role on the permeation fl ux behaviour. According to 
Kaya et al. [5], the fl ux decline and fouling of a membrane 
are signifi cantly affected by the pH of the wastewater 
generated on detergent industry. Van der Bruggen et al. 
[20] also observed differences in NF membrane fouling 
according to the solution pH. The model solutions stud-
ied here have an acidic pH, while the industrial effl uent 
presented a pH equal to 9.8. This difference could also 
explain the lower fl uxes of the industrial effl uent.

However, despite the potential effect of osmotic pres-
sure and pH on fl ux decline, there is a clear evidence of 
fouling agents adsorbed to the membranes with higher 
hydraulic permeabilities, NF200 and NF270. This foul-
ing acts as an additional resistance, making the perme-
ation fl uxes to decrease with the increase of pressure. 
The absence of this fouling phenomenon on the NF90 
membrane that besides combines higher rejection coef-
fi cients makes of this membrane the best choice for the 
processing of this industrial effl uent.

4. Conclusions

The NF for the removal of anionic surfactants from 
an industrial wastewater with a MBAS content of 0.43 g 
l−1 is assessed with the NF90, NF200 and NF270 mem-
branes from FilmTec Corp (USA) and with transmem-
brane pressures (ΔP) ranging from 15 to 25 bar. Model 
solutions of LAS and SLES covering a wide range of 
SLES/LAS ratios are used as surrogates of the wastewa-
ters in terms of the MBAS content.

The rejection coeffi cients to TOC are practically inde-
pendent of pressure and are higher than 95% for all 
model solutions and higher than 92% for the wastewater.

The SLES solutions have the highest permeation 
fl uxes of Jp = 1.3ΔP, Jp = 8.2ΔP and Jp = 13.6ΔP for NF90, 
NF200 and NF270 membranes, respectively. The per-
meation fl uxes for the SLES/5LAS, SLES/10LAS and 
SLES/20LAS solutions have intermediate values between 
the ones of the SLES solution and the ones of the wastewa-
ter. For the NF90 membrane the wastewater permeation 
fl uxes increase linearly with ΔP whereas for the NF200 
and NF270 they decrease with the pressure increase.

Table 5
Permeation fl uxes decline ratios (PFDR) for model solutions 
and industrial effl uent. PFDR = slope of Jp versus ΔP/
hydraulic permeability

Solutions PFDRs   

 NF90 NF200 NF270

SLES solution 0.30 0.99 1.0

LAS solution 0.18 0.54 0.49

SLES/5LAS solution 0.18 0.54 0.49

SLES/10LAS solution 0.18 0.54 0.49

SLES/20LAS solution 0.18 0.54 0.49

Industrial effl uent 0.13 – –
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The NF90 membranes yield TOC removal rates of 
98% and at operating pressures of 20 bar yield perme-
ation rates comparable to the ones of the NF200 and 
NF270 membranes.

Acknowledgements

The authors thank CAPES - Brazil and FCT – Portugal 
for fi nancial support. Support from project REEQ/764/
EQU/2005 is gratefully acknowledged.

References

 [1] K. Majewska-Nowak, I. Kowalska and M. Kabsch-Korbutowicz, 
Ultrafi ltration of SDS solutions using polymeric membranes, 
Desalination, 184 (2005) 415–422.

 [2] G.-G. Ying, Fate, behavior and effects of surfactants and their 
degradation products in the environmental, Environ. Intern., 
32 (2006) 417–431.

 [3] European Committee of Surfactants and their Organic Inter-
mediates (CESIO), Statistics (2008). http://www.cefi c.be/cesio.

 [4] A.K. Mungray and P. Kumar, Fate of linear alkylbenzene sul-
fonates in the environment: a review, Int. Biodeterior. Biode-
grad., 63 (2009) 981–987.

 [5] Y. Kaya, H. Barlas and S. Arayici, Nanofi ltration of cleaning-
in-place (CIP) wastewater in a detergent plant: Effects of pH, 
temperature and transmembrane pressure on fl ux behavior, 
Sep. Purif. Technol., 65 (2009) 117–129.

 [6] S. Jangkorn, S. Kuhakaew, S. Theantanoo, H. Klinla-or and 
T. Sriwiriyarat, Evaluation of reusing alum sludge for the coag-
ulation of industrial wastewater containing mixed anionic 
surfactants, J. Environ. Sci., 23 (2011)587–594.

 [7] V. Gomez, L. Ferreres, E. Pocurull and F. Borrull, Determina-
tion of non-ionic and anionic surfactants in environmental 
water matrices, Talanta, 84 (2011) 859–866.

 [8] F. Aloui, S. Kchaou and S. Sayadi, Physicochemical treatments 
of anionic surfactants wastewater: effect on aerobic biodegrad-
ability, J. Hazard. Mater., 164 (2009) 353–359.

 [9] S. Cantarero, C.A. Prieto and I. Lopez, Occurrence of high-
tonnage anionic surfactants in Spanish sewage sludge, J. Environ. 
Manage., (2011).

[10] G. Könnecker, J. Regelmann, S. Belanger, K. Gamon and 
R. Sedlak, Environmental properties and aquatic hazard 
assessment of anionic surfactants: Physico-chemical, environ-
mental fate and ecotoxicity properties, Ecotoxicol. Environ. 
Safe., 74 (2011) 1445–1460.

[11] I. Tubau, E. Vázquez-Suñe, J. Carrera, S. González, M. Petrovic, 
M.J.L. Alda and D. Barceló, Occurrence and fate of alkylphe-
nol polyethoxylate degradation products and linear alkylben-
zene sulfonate in urban ground water: Barcelona case study, 
J. Hydrol., 383 (2010) 102–110.

[12] M.S. Fountoulakis, S. Terzakis, N. Kalogekaris and T. Manios, 
Removal of polycyclic aromatic hydrocarbons and linear 
alkylbenzene sulfonates from domestic wastewater in pilot 
constructed wetlands and a gravel fi lter, Ecol. Eng., 35 (2009) 
1702–1709.

[13] S. Wagner and B. Schlink, Anaerobic of nonionic and anionic 
in enrichment cultures and fi x-bed reactors, Water Res., 21(5) 
(1987) 615–622.

[14] N. Dirilgen and N. Ince, Inhibition effect of the anionic sur-
factant SDS on duckweed, Lemna minor with considerations 
of growth and accumulation, Chemosphere, 31(9) (1995) 4185–
4196.

[15] A. Pettersson, M. Adamsson and G. Dave, Toxicity and detoxi-
fi cation of Swedish detergents and softer products, Chemo-
sphere, 41 (2000) 1611–1620.

[16] E. Fernandez, A. Cambiella, J.M. Benito, C. Pazos and 
J. Coca, Ultrafi ltration of surfactants solutions using ceramic 
membranes, Proceedings of Engineering with Membranes, 
Granada, Spain. (2001) 68–73.

[17] I. Kowalska, M. Kabsch-Korbutowicz, K. Majewska-Nowak 
and T. Winnicki, Separation of anionic surfactants on ultrafi l-
tration membranes, Desalination, 162 (2004) 33–40.

[18] I. Kowalska, M. Kabsch-Korbutowicz, K. Majewska-Nowak 
and M. Pietraszek, Removal of detergents from industrial 
wastewater in ultrafi ltration process, Environ. Prot. Eng., 31 
(2005) 207–219.

[19] K. Boussu, C. Kindts, C. Vandecasteele and B. Van der Brug-
gen, Applicability of nanofi ltration in the carwash industry, 
Sep. Purif. Technol., 54(2) (2007) 139–146.

[20] K. Boussu, C. Kindts, C. Vandecasteele and B. Van der Brug-
gen, Surfactant fouling of nanofi ltration membranes: measure-
ments and mechanisms, ChemPhysChem., 8 (2007) 1836–1845.

[21] I. Ciabatti, F. Cesaro, L. Faralli, E. Fatarella and F. Tognotti, 
Demonstration of a treatment system for purifi cation and 
reuse of laundry wastewater, Desalination, 245 (2009) 451–459.

[22] B. Van der Bruggen, M. Mänttäri and M. Nyström, Drawbacks 
of applying nanofi ltration and how to avoid them: a review, 
Sep. Purif. Technol., 63 (2008) 251–263.

[23] Y. Kaya, H. Barlas and S. Arayici, Evaluation of fouling mech-
anisms in the nanofi ltration of solutions with high anionic 
and nonionic surfactant contents using a resistance-in-series 
model, J. Membr. Sci., 367 (2011) 45–54.

[24] Ireland EPA, Parameters of water quality—interpretation and 
standards. Environmental Protection Agency, Wexford (2001) 
133p.

[25] American Public Health Association, American Water Works 
Association, and Water Environment Federation, Standard 
methods for the examination of water and wastewater. Method 
5540C. Anionic surfactants as MBAS (Methylene Blue Active 
Substances), APHA (2000).

[26] Dow Water Solutions. FILMTEC™ Membranes. Product Infor-
mation Catalog. http://www.rosystems.com/pdf/Filmtec-
Membranes/fi lmtecliterature.pdf.

[27] M.D. Afonso and M.N. Pinho, Ultrafi ltration of bleach effl uents 
in cellulose production, Desalination, 79 (1990) 115–124.

[28] L.M. Minhalma, Síntese e Optimização de Processos de Recu-
peração de Águas Residuais Industriais com Integração de 
Ultrafi ltração e Nanofi ltração. Ph.D. Thesis. Universidade Téc-
nica de Lisboa. Instituto Superior Técnico. (2001).

[29] F.R. Santos, I. Catarino, V. Geraldes and M.N. De Pinho, Con-
centration and rectifi cation of grape must by nanofi ltration, 
Am. J. Enol. Viticult., 59(4) (2008) 446.

[30] M.J. Rosa and M.N. De Pinho, Separation of organic solutes 
by membrane pressure-driven processes, J. Membr. Sci., 89(3) 
(1994) 235–243.

[31] C. Bellona, M. Marts and J. Drewes, The effect of organic mem-
brane fouling on the properties and rejection characteristics 
of nanofi ltration membranes, Sep. Purif. Technol., 74 (2010) 
44–54.




