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a b s t r a c t

More demanding legal regulations for the wastewater disposal and water scarcity make necessary
wastewater reuse in the industry. In particular, textile industry generates large amounts of wastewater
with a high concentration of pollutants. Even though present biological or physical–chemical treatments
are broadly in place, the quality of the final effluent is not good enough to allow its direct reuse. Conse-
eywords:
olume concentration factor (VCF)
ouling
extile industry
anofiltration

quently, a complementary membrane process is required in order to improve wastewater characteristics.
In this work, six NF membranes were tested at different volume concentration factors in order to select
the most appropriate one. The main studied criteria were the permeate quality for its reuse in the textile
processes and the minimum membrane fouling effect. The different results obtained for the tested mem-
branes were explained by membrane characterization parameters as contact angle, roughness and size
exclusion. Taking these factors into consideration, TFC-SR2 has shown the overall best results because of

d the
euse the high permeate flux an

. Introduction

In the Mediterranean areas, wastewater treatment plants in the
ndustry are currently being upgraded due to severe legal regula-
ions and the necessity of water reuse. Specifically, textile industry
rocesses require high water usage; thereby a large amount of
astewater is generated.

Effluents from textile mills show different characteristics
epending on the production processes. For a typical printing, dye-

ng and finishing textile factory, the wastewater is characterized by
lkaline pH values (11.0–12.5), suspended solids (SS) between 200
nd 400 mg L−1, chemical oxygen demand (COD) values from 1500
o 2500 mg L−1, presence of colour and conductivity values varying
etween 2 and 5 mS cm−1 [1].

Currently, the most common raw textile wastewater treatments
re based on biological or physical–chemical processes with pre-
ious screening and pH adjusting steps. Biological treatment by
ctivated sludge offers high efficiencies in COD removal, but does
ot completely eliminate the colour of the wastewater due to the

zo dyes nature [2]. Physical–chemical treatment allows reducing
issolved, suspended, colloidal, nonsettleable matter and colour
rom the wastewater by chemical coagulation–flocculation fol-
owed by gravity settling. However, the main drawback is the

∗ Corresponding author. Tel.: +34 96 387 70 07; fax: +34 96 387 76 39.
E-mail address: mbespia@iqn.upv.es (A. Bes-Piá).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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minimum fouling (in terms of the normalised flux reduction).
© 2010 Elsevier B.V. All rights reserved.

sludge management due to the high amount produced and the
metals content, mainly Fe+3 and Al+3.

In previous studies, effluents coming from textile wastewaters
were treated with physical–chemical and biological treatments.
The best results obtained for COD in the final effluent varied
between 448 and 65 mg L−1, respectively, whereas SS values were
205 and 40 mg L−1 for the same treatments [1,3].

If advanced technologies like membrane processes are com-
bined with conventional treatments, the characteristics of the
treated wastewater can be appropriate for its reuse [4]. Specifically,
nanofiltration (NF) is able to separate organic compounds and biva-
lent ions which are still present in the treated water. Nevertheless,
its reuse depends on the final quality or purity of the water, which
will be function of the textile process.

NF is a membrane process that has been applied to different
industrial effluents. In this way, Boussu et al. [5] applied NF to recy-
cle water from the carwash industry. Mänttäri et al. [6] carried out
the study of the treatment by NF of the biologically treated pulp
and paper mill wastewaters. In tanneries, some authors have stud-
ied the NF application for chromium (III) and sulphate removal for
water reuse in the pickling and tanning processes [7–9].

In the particular case of the textile industry, NF has been studied
as treatment for partial streams as well as for the global wastewater.

For the first case, Qin et al. [10] studied the feasibility of reuse water
from a specific dying process by NF. Authors tested three different
membranes (Desal-5 from Osmonics, NE-70 from Saehan y TS-40NF
from Trisep). For the best tests, colour removal was 99% and the
water recovery was around 70%. Akbari et al. [11] tested a new

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mbespia@iqn.upv.es
dx.doi.org/10.1016/j.jhazmat.2010.01.085
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F membrane for the treatment of coloured textile dye effluents. It
as found an acceptable performance in terms of flux and rejection

hat was higher than 96% for dyes. Koyuncu et al. [12] reported
heir results after applying NF to a synthetic wastewater simulating
he dyeing wastewater (dye and sodium chloride) and studied the

embrane fouling. They concluded that the principal cause of flux
ecline at low salts concentration was the cake layer formation
f dye molecules on membrane surface. Similar studies have been
eported in this way [13–17].

On the other hand, other research works are also focused
n water reuse but considering the total effluents generated in
he textile industry. Sahinkaya et al. [18] reported results of NF
xperiments with biologically treated textile wastewaters. The
embrane used was NF 270 and the main outcomes were a flux

etween 31 and 37 L m−2 h−1 at 5 bar and a 65% of conductivity
emoval. The results also showed high rejection values in terms
f COD (80–100%) and colour (almost 100%). In the same direc-
ion, studies with a combination between biological treatment and

embranes have been carried out [3,19]. Other authors treated
irectly the textile effluents using membranes. Thus, Barredo-
amas et al. [20] and Fersi and Dhahbi [21] applied UF process as
re-treatment of NF membranes in order to reduce fouling prob-

ems.
The main objective of this study was to select the most appro-

riate NF membrane to reuse the secondary effluent from a textile
ill wastewater treatment plant in the rinsing process. For that, it
as studied the influence of a high range of volume concentration

actors on the membrane fouling and the final permeates quality:
olour, conductivity, COD and hardness (in terms of calcium and
agnesium).

. Materials and methods

.1. Textile industry

The textile industry plant of the study mainly consists of printing
nd dying processes. In these processes, the use of substances such
s NaCl and Na2CO3 is required to favour the aggregation of dye
ons on the fibre to fix the dyestuffs. Currently, the process water
s supplied from a well. However, in order to reduce the hardness

f this water a softening step (ion exchange beds) is applied.

These processes require high amount of water. Thus, the tex-
ile mill studied generates daily 2500 m3 of wastewater with a

ean organic concentration of 3000 mgCOD L−1. About 10% of the
otal wastewater comes from the dying and printing residual baths

Fig. 1. Experimental set-up
Materials 178 (2010) 341–348

whereas 85% comes from rinsing. Hence, water recycling in rinse
process is the key point for saving fresh water in this industry.

The wastewater treatment plant located in the textile industry
is divided into three steps: pre-treatment, biological and sludge
treatments. The first one includes an equalization tank and two
screenings for different particle sizes. The secondary treatment
consists in a conventional activated sludge treatment with a total
hydraulic retention time of 2 days. The overall efficiency of this pro-
cess is higher than 90% in terms of total organic matter reduction.
This step includes a flotation stage to separate the sludge from the
clarified water. The sludge generated is dehydrated by a band fil-
ter and finally the sludge volume is minimized by a thermal drying
system.

2.2. Feed water characterization

The feed of the NF membranes corresponded with the biolog-
ical treated wastewater from the textile wastewater treatment
plant (TWWTP). For the experiments, different samples of this
effluent were taken and characterized during six months. The anal-
ysed parameters were conductivity, pH, colour, chemical oxygen
demand (COD), suspended solids (SS), turbidity and main ions con-
centrations. Besides, the particle size distribution (PSD) of the feed
samples was measured.

2.3. Membrane pilot plant description

Membrane experiments were performed in a pilot plant
designed in the Universidad Politécnica de Valencia (Fig. 1). It is
equipped with a pressure vessel for one spiral wound membrane
module of 2.5′′ diameter. The feed tank included a stirrer to homog-
enize the feed and a level switch that enabled continuous operation.
The temperature was kept constant by a cooling system. An 8 �m
pre-filter was placed upstream in order to reduce the pass of par-
ticles into the system and to minimize the membrane fouling. Two
manometers at each side of the membrane module were used to
measure the transmembrane pressure (TMP). A flow meter was
located in the concentrate stream to measure its volumetric flow
rate. Moreover a valve placed next to the flow meter was used to
regulate the TMP.
The NF membranes tested were TFC-SR2 from KOCH, ESNA from
Hydranautics, NF270 from DOW CHEMICAL and DS-5 DK, DS-5
DL and Duraslick from General Electric. The main specifications of
these spiral wounded membrane elements provided by the manu-
facturers, literature and authors are shown in Table 1.

for NF experiments.
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Table 1
Main membranes characteristics according to manufacturers, literature data and authors.

Characteristic DS-5 DK DS-5 DL NF270 TFC-SR2 ESNA 1 LF Duraslick

Manufacturer GE GE Dow
Chemical

Koch–Fluid System Hydranautics GE

Type TFC TFC TFC TFC CP TFM
Support material PS PS PS PS PS PS
Surface material PA PA PPZ PA PPZ PA
Membrane area (m2) 2.51 2.60 2.60 2.50 2.60 2.20
pH operating range 2–11 2–12 2–11 4–9 3–10 2–11
Maximum pressure (MPa) 3.45 4.10 4.10 2.41 2.10 4.13
Maximum temperature (◦C) 50 50 45 45 45 50
% R MgSO4 98.5 96.0 >97.0 97.0 N.A. 96.0
Cut-off (Da) 150–300 150–300 200–300 200–300 N.A. N.A
Contact angle (◦) 17.0 [22] 49.4 [23] 51.4 [24] 13.1 ± 6.4 [25] 60.0 [26] 30.0
Zeta potential (mV) −5.0 (pH 7)

[27]
−17.0 (pH
6) [28]

−24.7 (pH
8) [29]

−21.8 (pH 8–10) [25] −10.0 (pH 9) [26] N.A

Isoelectric point 4.1 [30] 3.0 [31] 3.3 [30] 4.7 [32] 4.9 [26] N.A.
Roughness (nm) 9.50 [33] 9.50–13.30

(pH 3–10)
[28]

19.80 [34] 0.45a 55.00 [34] N.A.

Pore diameter size (nm) 0.92a 0.94a 0.84 [29]
0.82a

1.28 [35] 0.60 [36] 0.80–1.20

Thickness (�m) 2.95a 2.84a 1.87a 0.15–0.20 N.A. 0.20
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2.59 [37] 2.54 [37]

FC: thin film composite; CP: composite polyamide; TFM: thin film membrane; PPZ
a Determined by authors.

.4. Permeability coefficients

At the beginning, permeability coefficients were determined
ith distilled water for all membranes. The operating conditions

or these tests were a feed flow rate of 400 L h−1, a temperature of
3 ◦C and TMP between 0.5 and 1.5 MPa. The flux measured with
istilled water was labelled as Jcw.

The permeability coefficient was also determined in order to
tudy the membrane fouling. Thus, at the end of each experi-
ent, the membranes were rinsed with distilled water (at TMP = 0

nd high feed flow rate) and the membrane permeability test was
hecked again.

.5. NF experiments for the secondary textile effluent

It was studied the influence of different VCF (1.0, 1.2, 1.5, 2.0, 3.0
nd 6.0) on the wastewater permeate flux, Jww (L m−2 h−1), RCOD (%),
ardness rejection in terms of calcium and magnesium (Rhardness,
), Rsalts (%) and Rcolour (%). Permeate fluxes, Jww, and ions were
easured with accuracies of ±0.2% and ±1.0%, respectively. For the

OD measurements, accuracies were ±6 or ±11 mg L−1 depending
n the measured COD range (10–150 or 50–500 mg L−1).

The VCF was calculated by the Eq. (1)

CF = VF

VF − VP
(1)

here VF and VP were the initial feed volume and the total with-
rawn permeate volume, respectively.

For the last test (VCF = 6), the feed volume was 10 L. It has to be
ighlighted that a VCF = 6 implies a total feed volume reduction of
3% and then a little rejected volume (VR) to be managed.

The operating conditions were 400 L h−1of feed flow rate and a
emperature of 23 ◦C. For the membranes TFC-SR2, ESNA, Duraslick,
S-5 DK, NF270 and DL-5 DL, the applied TMP at VCF = 1 were 0.16,
.55, 0.53, 0.91, 0.45 and 0.56 MPa, respectively. These TMP values
ere established to get an initial recovery of 15% for each mem-
rane element and these TMP were kept constant for all tested VCF.
he term recovery is defined as the fraction of the feed flow which
asses through the membrane. Membranes suppliers do not rec-
mmend working at values higher than 15% of recovery for each
embrane element. The feed and permeate streams were anal-
piperazine amide; PA: polyamide. N.A.: not available.

ysed when the steady state was achieved for each VCF in order to
calculate the permeate fluxes and rejections.

The initial feed volume was 60 L. At each VCF both permeate
and retentate streams were recycled to the feed tank. Once the
NF process had reached the steady state and samples from per-
meate and retentate streams were taken, the VCF was changed by
withdrawing 10 L of permeate, which were stored in a separated
tank.

The rejection percentage for a specific solute was calculated by
the Eq. (2)

R(%) = CF − CP

CF
· 100 (2)

where CP and CF were the component concentration in the perme-
ate and feed stream, respectively.

The membrane flux was calculated using the Eq. (3)

J = Qp

Am
(3)

where QP was the feed flow rate of the permeate stream and Am

the membrane surface.

2.6. Analytical methods

COD analyses were carried out in test tubes from MERCK (ref-
erence 1.14540.0001 for the COD range from 10 to 150 mg L−1 and
reference 1.14690.0001 for the COD range from 50 to 500 mg L−1).
These tubes contain the required reagents for the oxidation (potas-
sium dichromate, sulphuric acid and silver sulphate). The COD
concentrations were measured by spectrophotometry using the
Spectroquant Nova 60 from MERCK. The main ions and the sus-
pended solids were determined according to the Standard Methods
[38]. These analyses were replicated. Conductivity and pH were
measured with CRISON instruments and turbidity with D-112
apparatus from DINKO. The colour was calculated using the Eq. (4)

�2 + �2 + �2
Colour = 436 525 620
�436 + �525 + �620

(4)

where � represents the absorbance values measured at three differ-
ent wave lengths in the visible range (436 nm, 525 nm and 620 nm)
[39].
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Table 2
Feed water characterization and water reuse criteria.

Parameter Feed Reuse criteriaa

Conductivity (mS cm−1) 2.6–2.8 <2.5
pH 7.6–7.8 6.0–8.0
Colour 0.39–0.54 0
Turbidity (NTU) 8.2–12.6 1.0
COD (mg L−1) 200–315 25
TSS (mg L−1) 15–46 0
TDS (mg L−1) 1456–1568 <1250
Hardness (mg L−1 as CaCO3) 133–171 10
Ca+2 (mg L−1) 40–47 –
Mg+2 (mg L−1) 8–13 –
CO3

−2 (mg L−1) 96–96 –
HCO3

−2 (mg L−1) 800–1000 –
SO4

−2 (mg L−1) 124–176 –
Cl− (mg L−1) 200–365 –
Na+1 (mg L−1) 179–190 –
K+1 (mg L−1) 54–67 –
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Table 3
Permeability membrane values before tests.

Membrane Regression line R2 TMP (MPa) Jcw (L m−2 h−1)a

TFC-SR2 Jcw = 179.70·TMP 0.99 0.16 28.75
NF270 Jcw = 88.15·TMP 1.00 0.45 39.67
Duraslick Jcw = 69.87·TMP 0.98 0.53 36.68
DS-5 DL Jcw = 65.86·TMP 1.00 0.56 36.88
SS total suspended solids; TDS total dissolved solids; NTU nephelometric turbidity
nit.
a According to the textile industry of this study.

The particle size distribution (PSD) was measured using Mas-
ersizer 2000 from Malvern Instruments. The roughness and the
ore size of the TFC-SR2 membrane surface were determined by
tomic force microscope (AFM) by Digital Instruments Nanoscope
IIA from USA. The surface area of the membrane for the analysis

as 2 �m × 2 �m.

. Results and discussion

.1. Secondary textile effluent characterization

According to the information supplied by the textile industry
anagement team, the problems for the direct reuse of the effluent

rom the TWWTP in the rinsing process are mainly its high organic
oad and its colour. Besides, divalent ions that cause water hardness
lso avoid a direct effluent reuse, since they reduce the rinse process
fficiency.

As shown in Table 2, the wastewater conductivity is high (near
mS cm−1) mainly due to the chlorides which are added as salts to
x the dyestuffs during the printing and dying process. Regarding
H, wastewater is practically neutral due to a pH adjusting step
revious to the conventional activated sludge treatment. The colour
easurement has been also included. As it can be seen, the colour
alue is low as a consequence of the dilution with all the streams
ather than due to the biological treatment itself. As mentioned
efore, the type of dye use is not totally biodegradable (azo type)
40]. The COD values are around 260 mg L−1 and the variation of
urbidity (8–13 NTU) is not significant.

Fig. 2. Particle size distribution. (a) Measurements in volume and (b) meas
ESNA Jcw = 59.87·TMP 0.99 0.55 32.93
DS-5 DK Jcw = 31.11·TMP 0.98 0.91 28.31

a Jcw calculated at TMP showed.

In Fig. 2 it can be observed the PSD analysis. Before the micro-
filtration, d (90) (90% percentile) of the feed sample had a particle
size lower than 110.96 �m whereas after the micro-filtration this
value was reduced up to 0.66 �m.

3.2. Permeability coefficients for the tested membranes

Table 3 shows for each membrane the linear regression that rep-
resent the influence of TMP on distilled water permeate flux, Jcw

(L m−2 h−1). The slope of each linear equation is the permeability
coefficient of the membrane (L m−2 h−1 MPa−1). The R-squared (R2)
that describes the quality of the regression is also presented.

Permeability values for the membranes TFC-SR2, Duraslick and
DS-5 DK agree with those reported in previous research works [41].

It can be observed that all tested membranes have simi-
lar permeability coefficients with the exception of DS-5 DK and
TFC-SR2. The first one has the lowest permeability coefficient
(30 L m−2 h−1 MPa−1) while the other one has the highest value
(180 L m−2 h−1 MPa−1). This agrees with the Hagen–Poiseuille
equation (Eq. (5)).

J = r2
p · TMP

8 · � · (�x/Ak)
(5)

In this equation � (kg m−1 s−1) represents the dynamic vis-
cosity of the solution, rp is the pore radius and �x/Ak is the
thickness–porosity ratio.

In this way, DS-5 DK membrane needs higher pressures to
achieve permeate fluxes similar to the rest of membranes, espe-
cially TFC-SR2.

In the same table it is included the Jcw values calculated for
the operating TMP of each membrane. As commented in Section
2.5, the operating TMP corresponds to a membrane recovery of

15% working with wastewater. These values have been calculated
to determine normalised flux. The normalised flux is a relative
flux (Jww/Jcw) that is related to the effect of fouling generated by
the organic and inorganic matter on the membrane flux reduction
[17,27]. Thus, a ratio near 1 means a low influence of the wastew-

urements in number. (©) Before MF (10 �m); (—) After MF (10 �m).
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TMP = 0.53 MPa. Nevertheless, considering the lowest TMP applied
and the moderate Jww values obtained, the best membrane was the
TFC-SR2.
Fig. 3. Influence of VCF on the Jww/Jcw ratio for the tested membranes.

ter solutes on the membrane behaviour, whereas a ratio near 0
epresents a high influence level of them.

.3. Influence of VCF on normalised flux

Fig. 3 depicts the influence of VCF on the normalised flux for
he six tested membranes. As stated above, membrane fouling is
valuated by the normalised flux decline for each VCF. As expected,
he membrane fouling was more severe for higher VCF values due to
he increase of feed concentration. However, different behaviours
f the tested membranes were registered.

It can be observed that at VCF = 1 the normalised flux was near 1
or two membranes: TFC-SR2 and DS-5 DK. For Duraslick and ESNA

embranes the Jww/Jcw parameter ranged between 0.82 and 0.88.
n the contrary, NF270 and DS-5 DL were the most affected by the

nitial feed concentration. In these cases, the normalised flux was
.75 and 0.70, respectively.

Although the tendency of normalised flux with the VCF is similar
or all the membranes tested, it can be seen that the lowest flux
eductions were also achieved by TFC-SR2. In fact, at the maximum
CF the normalised flux was over 0.77. It means, for this membrane,

hat the solute concentration in the feed water slightly affected the
embrane flux.
Although the DS-5 DK presented the highest normalised flux

alues for VCF lower than 6, at VCF = 6 the flux reduction was pro-
ounced and the final value reached (60%) means a total normalised
ux decline of 40%. On the contrary, the ESNA membrane presented
he highest reduction in terms of the depicted parameter; at VCF = 6
he normalised flux was 35%.

In order to explain these results, it is necessary to consider the
embrane characterization parameters collected in the Table 1,

specially the contact angle and the roughness.
Contact angle is a semi-quantitative index associated to the

ydrophilicity/hidrophobicity of the membrane surface. The lower
ontact angle, the higher hydrophilicity and fouling tendency
ecreases [27,24]. In this way, it seems that TFC-SR2 presented a

arger resistance to fouling because of its low contact angle value
3.1◦. On the contrary, ESNA has the highest value (60.0◦) and there-
ore the major flux ratio reduction and maximum fouling.

Other parameter to be considered is the surface roughness.
his parameter is a physical property that defines the surface

orphology which is also connected with the fouling tendency

34,42,43].
Particularly, the ESNA membrane presented the maximum nor-

alised flux decrease and the highest roughness value (55.00 nm).
n the contrary, TFC-SR2 membrane showed the minimum nor-
Fig. 4. AFM image of TFC-SR2 nanofiltration membrane.

malised flux decrease and the smoothest surface (0.45 nm). This
small roughness value allows confirming the lack of picks on the
membrane surface (see Fig. 4) and, as a result, the difficulty for
linking foulants.

Summarising, both contact angle and roughness
values increased in the following order: TCF-SR2 < DS-
5DK < Duraslick < DS-5DL < NF-270 < ESNA. Thus, it can be
concluded that both contact angle and roughness values con-
firmed the fouling tendency showed by the membranes in the
laboratory tests.

3.4. Influence of VCF on permeate flux

Fig. 5 represents for all membranes the Jww values obtained at
three different VCF (1, 3 and 6). The applied TMP for each membrane
is also included.

In this figure, it can be observed that for the same membrane
recovery (15%), the applied TMP differed considerably among the
membranes. Thus, the TMP for TFC-SR2 and DS-5 DK membranes
were 0.16 and 0.91 MPa, respectively. However, for these cases,
the flux values were quite similar. On the other hand, the best
Jww values were achieved for Duraslick membrane. For this mem-
brane the permeate flux varied between 27 and 33 L/(m2 h) at a
Fig. 5. Jww values at different VCF and TMP applied for the tested membranes.
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Fig. 6. Influence of VCF on permeates conductivity.

.5. Influence of VCF on membrane rejection

.5.1. Influence of VCF on salt rejection
In Fig. 6 the behaviour of the permeate conductivity with VCF for

ach membrane can be observed. In general, the permeate conduc-
ivity increased with VCF. In fact, the higher feed ion concentration,
he higher solute pass through the membrane. It was not observed
ny fouling interference on salt pass.

Permeate conductivity values varied widely depending on the
embrane tested. Hence, ESNA presented the lowest ones for all
CF except 6. Meanwhile, TFC-SR2 showed the highest values with-
ut observing significant variations independently of the VCF. This
onstant behaviour is explained because of the low salt rejection
30% for VCF = 6). These permeate conductivity values were mainly
rovided by monovalent ions. It suggests that the main retention
echanism was the size exclusion: membrane pore size (1.280 nm)

nd the ion hydrated diameter. Thus, the monovalent ions reten-
ion was negligible since the hydrated diameters values for Cl− and
a+ are 0.664 nm and 0.716 nm, respectively [44]. On the contrary,

he ESNA membrane is the tightest membrane since the pore diam-
ter is 0.6 nm, explaining in this way the high salt rejection (90% at
CF = 1 and 70% at VCF = 6).

With regard to divalent ions (Ca+2 and Mg+2), the high rejection
between 90 and 98%) cannot only be attributed to the size exclu-
ion, because the hydrated diameters are 0.824 nm and 0.856 nm
or calcium and magnesium, respectively [44]. The explanation
ould be based on the Donnan effect (charge interactions) in which

he divalent ions do not pass through the membrane in higher pro-
ortions to ensure the electroneutrality of the permeate stream and
he value of the zeta potential (−21.8 at pH 8/10) [25].

Fig. 7. Influence of VCF on hardness rejection.
Fig. 8. Influence of VCF on COD rejection.

However, these results suggest that the influence of the charge
interactions on the separation was not relevant for all the tested
membranes. In fact, operating pH was higher than the isoelectric
points for all tested membranes. The zeta potential values at pH
values near the wastewater pH indicated negative values for the
zeta potential in the range from −5 to −24.7 mV in all cases. These
values increase during the NF due to calcium ions absorption.

Thus, it can be stated that the differences in the behaviour of the
membranes were based basically on the size exclusion.

The influence of the VCF on the hardness retention is described
in the Fig. 7. The slight decrease was due to the diminution of the
Donnan potential with the ions concentration [45].

3.5.2. Influence of VCF on COD and colour rejection
In general, an increase in VCF resulted in COD rejection increased

(Fig. 8). This behaviour can be attributed to both the organic matter
particle size and the fouling layer formed. COD rejection was high
mainly due to the size differences between the pore membranes
and organic matter. When the VCF was increased, fouling phenom-
ena contributed to the COD removal enhancement. This fouling was
formed by small particles that were not removed in the previous
microfiltration (8 �m) of the feed.

The best COD rejections were achieved for ESNA 1 LF and
NF270, obtaining COD concentrations in permeate stream lower
than 20 mg L−1 at VCF = 6. These values together with hardness and
conductivity data are summarized in Table 4. These results were in
concordance with the pore size values.

Concerning colour rejection, it can be stated that the colour of
the NF permeates was negligible in all the tests. Thus, indepen-
dently from the membrane and from the VCF, colour removal was
practically of 100%.

Dyes were completely removed since their molecular weight

ranged 300–1000 Da and the tested membranes cut-off between
150 and 300 Da. Thus, during the experiments, there was no evi-
dence of charge interactions between dyes and membranes that
could enhance the dyes separation. In this way, neither colour

Table 4
COD, conductivity and hardness permeate values for tested membranes at VCF = 6.

Membrane COD (mg L−1) Conductivity (�S cm−1) Hardness (mg L−1)

ESNA 1 LF 15 2740 6.69
NF270 15 3000 1.22
DS-5 DK 25 2590 3.77
DS-5 DL 25 2570 8.36
Duraslick 30 2700 3.21
TFC-SR2 25 2470 6.99
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resence in permeate streams from membranes with lower pore
iameter nor colour removal variation with the VCF were detected.

According to the results and to the quality requirements for the
extile processes, the industrial feasibility of the permeate reuse
as been proven out. Taking into account the operating conditions
TMP, VCF) and membrane fouling, it can be stated that the most
ppropriate membrane for this particular case is TFC-SR2. It has
o be highlighted that this membrane is appropriate because the
emoval of monovalent ions is not necessary as can be checked
n Table 1. This membrane meets the reuse criteria according to
he measured parameters. Conductivity, hardness and COD rejec-
ion values were reported in Figs. 6–8, respectively. Besides, as
xplained above permeates colour, turbidity and TSS are negligible;
hereby meet the reuse criteria equally.

. Conclusions

For all membranes, the normalised flux declined with increas-
ng VCF. However, important behaviour differences were found
mong the tested membranes. Thus, TFC-SR2 membrane showed
he lowest fouling tendency whereas ESNA the highest one. Accord-
ng to the results obtained, difference in the membranes behaviour
oncerning normalised flux reduction was explained by the differ-
nt contact angles and roughness. In general, it was observed the
ollowing tendency: the highest contact angle and roughness, the

ost marked fouling tendency.
For the TFC-SR2, it was possible to achieve the highest wastew-

ter permeate flux at the lowest TMP applied with general recovery
round 15%.

The tested membranes showed a lower monovalent ions rejec-
ion and a very high rejection for divalent ones. However, some
ifferences were also observed among membranes. The differences
ere explained considering the size exclusion (pore size and ion
ydrated diameter) and Donnan effects. In this way, ESNA pre-
ented the lowest permeates conductivity values and its separation
echanism is mainly due to the size exclusion whereas TFC-SR2

howed the lowest one and its separation mechanism is a combi-
ation of both size exclusion and Donnan effect, for most of the VCF
ested.

In addition, for all VCF tested, the membranes removed com-
letely the colour from the wastewater stream. No significant
ifferences were observed in the colour measurements after the
embrane experiments.
From the point of view of permeate quality all the tested

embranes accomplished the reuse criteria. However, the high
ormalised flux at low TMP together with the minimum fouling
ade the TFC-SR2, the most appropriated membrane for the recla-
ation of the secondary textile wastewater and its reuse in the

insing process.
Overall, it can be said that the results obtained have important

mplications for the environment, since a significant reduction of
ater and energy consumption is achieved by lower TMP.

Further tests have to be carried out in order to study the mem-
rane behaviour at long-term experiments.

cknowledgements

This work was supported by Ministerio de Educación y Ciencia
CTM2007-64451-AR07). We also thank Colortex 1967 S.L. for the
extile wastewater samples and the technicians from the Micro-
cope services from UPV for their support in AFM analysis.
eferences

[1] A. Bes-Piá, J.A. Mendoza-Roca, M.I. Alcaina-Miranda, A. Iborra-Clar, M.I. Iborra-
Clar, Combination of physico-chemical treatment and nanofiltration to reuse

[

[

Materials 178 (2010) 341–348 347

wastewater of a printing, dyeing and finishing textile industry, Desalination
157 (2003) 73–80.
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