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a b s t r a c t

Four UF membranes (denoted GH, GK, PT and PW with MWCO of 1000, 2000, 5000 and 20,000 Da, respec-
tively) and four NF membranes (denoted DL, CK, DK and HL, with an approximate MWCO of 150–300 Da
in all cases) were used for the filtration of an effluent generated in a municipal wastewater plant after
a secondary treatment. The influence of the most important operating variables (nature and MWCO of
the membranes, transmembrane pressure, tangential velocity, and temperature) on the permeate flux
was widely discussed, and the resistances to the permeate flux were determined following the resis-
tances in series model. Rejection coefficients for parameters that measure the global pollutant content
embranes
unicipal secondary effluent

ermeate flux
ejection coefficients
emoval of pharmaceuticals

of the effluent (chemical oxygen demand, total organic carbon, absorbance at 254 nm, turbidity, total
nitrogen and total phosphorus) were also evaluated, and the results revealed that both UF and NF are
feasible options for the treatment of this effluent, yielding a permeate stream that can be reused in sev-
eral applications. Finally, 28 pharmaceutical compounds were initially detected in this effluent, and their
respective rejection coefficients were determined, with eliminations higher than 75% in the case of NF
with the HL membrane. Therefore, it is concluded that NF is an excellent option for the removal of toxic
pharmaceuticals in municipal wastewaters.
. Introduction

The amount of effluents from municipal wastewater treatment
lant (WWTP) has increased during the last decades, and due to
ore stringent EU regulations, the quality of WWTP effluents must

e improved in the coming years. In addition, society’s rapid evo-
ution has increased the demand for higher quality water in every
ector: industry, agriculture, urban consumption, etc. At the same
ime, the generation of substantial quantities of wastewaters has
ed to its consideration as an alternative water resource [1]. In
ffect, wastewater reuse has a major impact on sustainability: it
educes environmental damage and relieves the demand for natu-
al freshwater sources [2]. Specifically, municipal wastewater can
e reused to agriculture at all levels, urban and industrial uses,
quifer recharge, etc. However, advanced treatment (tertiary treat-
ent) is required to minimize its potentially negative impact on

ublic health [3], because more than 200 different chemical com-

ounds – many of which may be acutely or chronically toxic to
quatic organisms and may pose a health risk to man and animals
like – have been identified in secondary effluents of municipal
astewater streams. Many of these chemicals (pharmaceuticals

∗ Corresponding author. Tel.: +34 92 4289385; fax: +34 92 4289385.
E-mail address: jlacero@unex.es (J.L. Acero).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.12.045
© 2010 Elsevier B.V. All rights reserved.

and personal care products, endocrine disrupting compounds, etc.)
are not easily degraded and may thus have long-term environmen-
tal effects [2].

According to this, optional tertiary treatment improves the qual-
ity of secondary wastewater and produces an effluent that can
be used as a substitute of freshwater sources for household and
industrial needs. Several physical–chemical processes have been
investigated as tertiary treatment of secondary effluent, includ-
ing ozone [4], photo-catalysis UV/TiO2 [5], adsorption [2], as well
as several sequences of different physical–chemical steps [6]. In
recent years, membrane filtration becomes a novel technology in
wastewater reclamation and reuse [7–11]. Compared with tradi-
tional physical–chemical treatment, membrane processes show
irreplaceable advantages, such as low energy cost (mainly for
pumping), low capital investment, chemicals requirements only for
membrane cleaning, relative uncritical scale-up and high through-
put while maintaining product purity under ambient conditions.
The expected benefit of ultrafiltration (UF) and nanofiltration (NF)
processes for WWTP effluent treatment lie in the quality and the
very considerable improvement in disinfection of the permeate,

making it suitable for unrestricted irrigation [1–2].

However, one of the major problems that membrane appli-
cations face is membrane fouling, defined as the drop in the
membrane flux with time [12]. Fouling is due to several mecha-
nisms such as adsorption of solutes onto the membrane, deposition

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jlacero@unex.es
dx.doi.org/10.1016/j.jhazmat.2009.12.045


J.L. Acero et al. / Journal of Hazardous

Table 1
Typical quality parameters of the selected secondary effluent.

COD (mg L−1) 49.7 ± 3.5
UVA254 (cm−1) 0.247 ± 0.014
TOC (mg L−1) 17.6 ± 1.9
Turbidity (NTU) 2.4 ± 0.3
pH 8.0 ± 0.2
Total nitrogen (mg L−1) 60.5 ± 5.5
Total phosphorus (mg L−1) 0.40 ± 0.03
Total solids (mg L−1) 400 ± 23
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2.3. Membranes

T
P

Suspended solids (mg L−1) 36 ± 9
Total coliforms (CFU/100 mL) (1.0 ± 0.4) × 106

Faecal coliforms (CFU/100 mL) (1.3 ± 0.3) × 105

f small colloidal particles on the membrane pores (pore blocking)
nd build up of particles in form of a cake layer [9]. Fouling due to
ore blocking and cake formation is assumed to be the predominant
echanism in UF and NF membranes [13]. In general, fouling adds

dditional resistances to the flow, both external (cake layer) and
nternal (adsorption and pore blocking). In the operation of a mem-
rane system, membrane fouling is dependent on many parameters
uch as membrane characteristics, feed water characteristics, and
ydraulic conditions of the system.

Taking into account these considerations, in the present work,
F and NF batch concentration experiments (with recycling of the

etentate stream) of secondary municipal wastewater were per-
ormed in order to clarify the fouling mechanisms and evaluate
he retention of contaminants and the permeate quality. Thus, the
pecific objectives were: to study the evolution of the permeate
ux with filtration time and volume retention factor; to establish
he effect of operating parameters such as transmembrane pres-
ure (TMP), tangential velocity (v), temperature (T) and nature and
olecular weight cut-off (MWCO) of the membranes used on the

ermeate flux; to analyze the different resistances to the perme-
te flux to elucidate the fouling mechanisms; to determine the
ffectiveness of the filtration treatments by the evaluation of the
ejection coefficients for several water quality parameters; and to
ssess the elimination of pharmaceutical compounds contained in
he investigated effluent.

. Materials and methods

.1. Secondary municipal effluent

Secondary effluent samples used in this study were collected
rom a municipal wastewater treatment plant located in Mostoles

Madrid, Spain). This plant applies a pretreatment for solid removal,
primary sedimentation, an activated sludge biological treatment,
nd a final clarification. The water samples were stored at 4 ◦C until
se. The main effluent quality parameters are presented in Table 1.

able 2
roperties of target membranes (material, MWCO and salt rejection provided by manufac

Membrane Material MWCO (Da) pH Co

PW PES 20,000 2–11 6
PT PES 5000 2–11 5
GK TF 2000 2–11 <6
GH TF 1000 2–11 <6
DL TF 150–300 2–11 3
CK CA 150–300 2–8 5
DK TF 150–300 2–11 4
HL TF 150–300 3–9 4

a Ref. [15].
b Ref. [14].
c Ref. [16].
d Ref. [17].
e Measured as Na2SO4.
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2.2. Equipment and experimental procedure

UF and NF experiments were carried out in the laboratory
membrane equipment model P-28TM, supplied by CM-CELFA Mem-
branenntechnik AG (Seewen, Switzerland) that was described in
detail in a previous publication [14]. This system operated in cross-
flow mode (feed stream flowing tangentially to the membrane
surface) and basically it was constituted by a 500 cm3 pressur-
ized storage vessel and a gear pump which fed the solution into
the device containing the membrane at the desired flow rates. The
membranes had an effective area of 28 cm2. The temperature of
feed solution was maintained at the desired value by recirculation
of water around the storage vessel throughout the experiment. The
transmembrane pressure was controlled in every experiment per-
formed by pressurizing the storage vessel with nitrogen, and the
tangential velocity (v) was modified by changing the feeding flow
rate with the gear pump. The experiments were performed at nat-
ural pH of the secondary effluent (around 8). A new membrane
was used for each experiment, being previously soaked in ultrapure
water for 24 h in order to eliminate preservative products.

The experiments were conducted in batch concentration mode;
that is, with the permeate stream collected separately, and the
retentate stream recycled to the feed tank. A standard protocol
constituted by three steps was followed: in the first step, the
new membrane was rinsed with ultrapure (UP) water, and the
water permeate flux (Jw) was measured in order to determine the
membrane hydraulic permeability (PWP). In the second step, the
secondary effluent filtration process was performed: for this pur-
pose, the storage tank was filled with the effluent (300 mL), and at
regular time intervals, the cumulative permeate volume (Vp) was
measured with a Mettler balance, which later provided the per-
meate flux (Jv). At the same time, samples of the feed, retentate
and permeate streams were withdrawn in order to analyze the
main water quality parameters. These experiments lasted until a
volume reduction factor of 3 was reached, collecting around 200
and 100 mL of permeate and concentrate, respectively. In the third
stage, once each secondary effluent filtration experiment was fin-
ished, the membrane was rinsed with ultrapure water in order
to eliminate the cake layer. Then, the pure water permeate flux
was measured again in order to determine the irreversible mem-
brane fouling, and thus, the different resistances of the filtration
process. The operating variables TMP, v and T, and the MWCO and
nature of the membrane were modified in the different UF and NF
experiments.
The experiments were carried out by using different flat sheet
commercial membranes provided by GE Osmonics (Florida, USA),
with an effective surface area of 28 cm2 in all cases. Concretely, four

turer). PWP values were determined at 20 ◦C.

ntact angle (◦) PWP (L h−1 m−2 bar−1) MgSO4 rejection (%)

1.3a 100.4 ± 3.5
9.0b 24.2 ± 0.8
1 5.4 ± 0.3
1 3.6 ± 0.1
0.7c 3.7 ± 0.1 96
9.0b 2.7 ± 0.1 92e

1.0b 2.6 ± 0.1 98
1.0d 8.4 ± 0.4 98
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F membranes denoted GH, GK, PT, and PW with MWCOs of 1000,
000, 5000, and 20,000 Da, respectively, were used. The main prop-
rties of these membranes are detailed in Table 2. The GK and GH
embranes were made of thin film composite, with a cross-linked

romatic polyamide top layer, while the PT and PW membranes
ere of polyethersulfone. According to studies of these and simi-

ar membranes [15], polyamide membranes are less hydrophobic
han polyethersulfone membranes. Although values of the contact
ngle for GK and GH membranes were not found in the literature,
ark et al. [15] proposed a value of 44.7 ± 1.2◦ for the GM mem-
rane, which is very similar to GK and GH. Therefore, the contact
ngle of GK and GH membranes must be lower than those of PW
nd PT membranes. All these membranes are negatively charged
t neutral pH. The pure water permeability (PWP) was determined
or each membrane by measuring the water permeate flux at dif-
erent TMP. According to the values of PWP at 20 ◦C summarized in
able 2, an increase in PWP was observed for UF membranes with
igher MWCO as could be expected.

The four NF membranes also used (denoted DL, CK, DK, and
L; main properties also shown in Table 2) had similar MWCOs,

n the range 150–300 Da according to the manufacturer. The DL,
K and HL membranes were made of thin film polyamide, and

he CK membrane was of cellulose acetate. While the CK mem-
rane is more hydrophobic, DL, DK and HL are more hydrophilic
ased on previously published data of contact angles [14,16–17].
ll these membranes are also negatively charged at neutral pH.
he different values of PWP experimentally obtained for these
F membranes with similar MWCO (Table 2) can be attributed

o their internal structure, since this parameter is a characteristic
nherently related to the composition, morphology, and hydropho-
icity/hydrophilicity of the membranes. The highest PWP value was
ound for the HL membrane, similarly to the results obtained in pre-
ious investigations in which these membranes were used as well
18–19].

.4. Analytical methods

All the analytical procedures were followed according to the

tandard Methods [20]. Basically, the chemical oxygen demand
COD) was determined in a Dr Lange photometer (dichromate

ethod); UV absorbance at 254 nm (UVA) was measured in a
nicam Helios � spectrometer; total organic carbon (TOC) was

able 3
xperimental conditions applied in the filtration experiments performed and per-
eate fluxes and flux reduction obtained at VRF = 3.

Expt. Membrane TMP (bar) v (m s−1) T (◦C) Jv (L h−1 m−2) Jv/Jw

UF1 PW 4 2 20 133.2 0.33
UF2 PW 6 2 20 160.4 0.27
UF3 PT 4 2 20 75.7 0.76
UF4 PT 6 2 20 103.2 0.71
UF5 PT 9 2 20 142.6 0.65
UF6 PT 6 1 20 78.1 0.55
UF7 PT 6 0.5 20 68.9 0.46
UF8 PT 6 2 10 80.0 0.72
UF9 GK 9 2 20 37.2 0.74
UF10 GH 9 2 20 24.1 0.75
NF1 DL 20 2 20 60.9 0.83
NF2 DL 30 2 20 92.1 0.82
NF3 CK 30 2 20 58.2 0.72
NF4 DK 30 2 20 61.1 0.79
NF5 HL 10 2 20 69.2 0.82
NF6 HL 20 2 20 135.2 0.78
NF7 HL 30 2 20 190.0 0.75
NF8 HL 30 1 20 162.9 0.61
NF9 HL 30 0.5 20 127.2 0.46
NF10 HL 30 2 10 160.2 0.80
NF11 HL 30 2 30 242.6 0.71
Materials 177 (2010) 390–398

analyzed in an IO Analytical total organic carbon analyzer, based
on the persulfate oxidation method; turbidity was determined in a
Hanna (HI93414) turbidity meter; total nitrogen (N) and total phos-
phorus (P) were determined by using Dr Lange cuvette-tests and
photometer; total solids were determined by weighting an aliquot
of the effluent after dryness; and suspended solid were obtained
by filtering the sample through 0.45 �m filters. Finally, total and
faecal coliforms assays were performed by using, respectively, m-
Endo and m-FC culture media from Millipore, filtering 100 mL of
water (containing 10 �L of secondary effluent or 1 mL of perme-
ate) through 0.45 �m pore size membranes followed by incubation
at the required temperature. The concentration of pharmaceutical
compounds was analyzed by liquid chromatography–QTRAP–mass
spectrometry (LC–QTRAP–MS/MS) after solid phase extraction
(SPE) according to the method developed by Martinez-Bueno et
al. [21].

3. Results and discussion

3.1. Permeate fluxes: influence of the operating conditions and
determination of resistances

Filtration experiments of WWTP secondary effluent were per-
formed with the selected UF and NF membranes, already described,
by modifying the most important operating conditions: the nature
and MWCO of the membranes, TMP, v and T (which is a character-
istic of a secondary effluent). Table 3 summarizes the experiments
performed with the specific values of these operating conditions. PT
and HL membranes were mainly selected to investigate the influ-
ence of the operating variables because they provided the best
results, as will be commented below.

The cumulative permeate volume (VP) was obtained through
each experiment and it did not increase linearly with processing
time (data not shown), which is an indication of membrane fouling.
Then, the permeate fluxes (Jv) were obtained from the VP values by
numerical differentiation of the collected mass vs time data. Thus,
Fig. 1 represents the evolution of Jv with time for some selected UF
(Fig. 1A) and NF (Fig. 1B) experiments. It can be observed that Jv
decreased with the initial increase of time, specially in the exper-
iments performed at higher TMP. Later, Jv decreased slightly until
an almost constant value was reached at high processing time,
depending that time on the experimental conditions. As it has been
reported [22], the decline in Jv is a consequence of the several causes
of membrane fouling, such as cake layer formation, pore block-
ing, or the adsorption of solutes onto the membranes. According
to the profiles of Jv, membrane fouling occurred predominantly
at the initial processing times. The main reason for this decline
in flux is probably the initial fast pore blocking and adsorption of
hydrophobic organic matter onto the membrane surface and into
the membrane pores, followed by the formation of the cake layer
[23]. Similar trends could be deduced for the evolution of Jv with
volume reduction factor (VRF). This factor is an important param-
eter in batch concentration operating mode, and is defined as the
ratio between the initial feed volume V0 and the volume of the
resulting retentate VR, i.e., the volume remaining in the storage
vessel (VR = V0 − VP) [24]:

VRF = V0

VR
(1)

The permeate flux decreased with VRF as well as the filtration time
did. The experiments conducted lasted until VRF = 3, and the pre-

dominant flux declined occurred from VRF = 1 to VRF = 2. The values
of Jv determined at the end of each experiment (VRF = 3) are pre-
sented in Table 3, as well as the ratio secondary effluent/pure water
permeates (Jv/Jw), which was also calculated for all the experi-
ments at VRF = 3. This ratio Jv/Jw is an indirect measurement of the
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Fig. 1. Effect of TMP on the evolution of the permeate flux with processing time
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drawn about the effect of the MWCO, as the four membranes pre-
sented similar pore sizes (in the range 150–300 Da). At the same
time, Fig. 3 shows that, for a given TMP of 30 bar, the HL mem-
brane provided the highest permeate flux, intermediate value when
using the DL membrane, and the lowest values with the DK and CK
or the secondary effluent filtration experiments performed with (A) PT and (B) HL
embranes. Experimental conditions: v = 2 m s−1 and T = 20 ◦C (Expts. UF3–UF5

nd NF5–NF7 in Table 3).

ermeate flux decline, being the flux decline higher when the ratio
v/Jw is lower. In general, flux decline was higher in UF experiments,

hich means that the UF membranes were more prone to fouling
han NF membranes. As it has been reported, very high-molecular
eight organic material comprised of hydrophilic components,

uch as soluble microbial products and extracellular polymeric sub-
tances, are the major cause of membrane fouling during the UF of
econdary effluents [11,25].

From the values depicted in Table 3, it can be deduced that Jv
s affected by the main operating parameters: TMP, MWCO and
ature of the membranes, v, and T. Specifically for the influence of
MP, Fig. 2 represents the Jv values obtained vs TMP for two selected
F membranes (PW and PT, Fig. 2A) and two selected NF mem-
ranes (DL and HL, Fig. 2B). As can be observed, the permeate flux

ncreased with the increase in the applied TMP, typical behaviour
ound in membrane processes [26–27]. Additionally, a nonlinear
ariation of Jv with TMP can be deduced, with smaller increases of Jv
t high TMP. Thus, the relative difference between Jw and Jv became
reater at high TMP, leading to a higher permeate flux decline,
nd therefore to a lower Jv/Jw ratio. This membrane fouling at high

MP was more pronounced in membranes with higher MWCO (UF
embranes), being specially significant for the PW membrane with
WCO of 20 kDa (Fig. 2A). Similar greater membrane fouling at high

MP was observed in the filtration of cork processing wastewater
Materials 177 (2010) 390–398 393

using membranes with MWCO > 40 kDa [28]. On the contrary, the
increase of Jv with TMP was almost lineal in the experiments per-
formed with the NF membranes (Fig. 2B) due to the lower fouling
of these membranes.

With respect to the influence of MWCO on Jv, the compari-
son of Jv values obtained in experiments performed under similar
experimental conditions with different UF membranes leads to
the following sequence PW > PT > GK > GH. Thus, for a given TMP
value, an increase of the permeate flux with increasing MWCO was
observed. In effect, a membrane with lower MWCO exerts increas-
ing resistance to the pass of the solution. In addition, a greater flux
decline was observed in the UF membranes with higher MWCOs.
Thus, the flux decline with respect to the pure water flux at TMP
of 9 bar was around 25, 26 and 35% for membranes GH, GK, and PT
with MWCOs of 1, 2 and 5 kDa, respectively; and around 70% for the
PW membrane with MWCO of 20 kDa (from the results obtained at
4 and 6 bar). However, in the NF process no conclusion could be
Fig. 2. Effect of TMP on the permeate flux obtained at VRF = 3 in (A) UF experiments
performed with PW and PT membranes and (B) NF experiments carried out with DL
and HL membranes. Full symbols correspond to pure water permeate flux (Jw) and
open symbols correspond to secondary effluent permeate flux (Jv). Experimental
conditions detailed in Table 3.
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ig. 3. Influence of the nature of the NF membranes on the permeate flux obtained
t VRF = 3. Experimental conditions: TMP = 30 bar, v = 2 m s−1 and T = 20 ◦C.

embranes. As this trend agrees with the values of PWP presented
n Table 2, the differences can be attributed to the different nature
f the membranes. In effect, the NF of ultrapure water also gave
he highest permeability for the HL membrane, intermediate for
he DL membrane, and the lowest for the CK and DK membranes.
evertheless, the highest flux decline (28%) with respect to the
ltrapure water flux was obtained for the CK membrane, which can
e attributed to its hydrophobic character, which promotes adsorp-
ion of organic compounds and leads to a decrease of the effective
ore size and a consequent decrease of the water flux.

The effect of the tangential velocity on the permeate flux can be
educed from the values of Jv detailed in Table 3, that were obtained

n those experiments in which this variable was modified (UF4, UF6
nd UF7; and NF7, NF8 and NF9). As can be observed, Jv increased
ignificantly when the tangential velocity was increased, probably
ue to a rise of the turbulence at the membrane interface, which
emoved some of the accumulated components in the cake layer
y hydrodynamical forces, and thus reducing the cake and polar-

zation layers [22]. As a consequence, the flux decline was lower in

he experiments performed with higher tangential velocity, lead-
ng to higher values of the ratio Jv/Jw. This positive influence of v
n Jv was observed for both UF and NF processes, indicating that
xternal fouling must contribute significantly to the overall fouling
henomenon. Similarly, in the UF of some industrial wastewaters,

able 4
esistances obtained in the filtration of secondary effluents at VRF = 3.

Expt. Rm × 10−13 (m−1) Rt × 10−13 (m−1) Rf × 10−13 (m−1)

UF1 0.35 1.08 0.73
UF2 0.36 1.35 0.99
UF3 1.44 1.90 0.46
UF4 1.48 2.09 0.61
UF5 1.49 2.27 0.78
UF6 1.52 2.76 1.25
UF7 1.44 3.14 1.70
UF8 1.94 2.70 0.76
UF9 6.70 8.70 2.01
UF10 10.10 13.44 3.34
NF1 9.83 11.82 1.98
NF2 9.60 11.73 2.13
NF3 13.43 18.56 5.13
NF4 14.04 17.68 3.64
NF5 4.24 5.20 0.96
NF6 4.16 5.33 1.16
NF7 4.29 5.68 1.39
NF8 4.03 6.63 2.60
NF9 3.94 8.49 4.55
NF10 5.40 6.74 1.34
NF11 3.18 4.45 1.27
Materials 177 (2010) 390–398

with higher organic contents, clear increases in the permeate flux
with increasing cross-flow velocity were reported [29–30].

Finally, Jv increased with the increase of temperature from 10 to
20 ◦C in UF experiments performed with the PT membrane (Expts.
UF8 and UF4) and from 10 to 30 ◦C in NF experiments carried out
with the HL membrane (Expts. NF10, NF7 and NF11). At the same
time, higher permeate flux decline was observed at higher temper-
ature, specially in the NF experiments, decreasing the ratio Jv/Jw
from 0.80 at 10 ◦C to 0.71 at 30 ◦C. These results can be explained
by a higher diffusivity of organics in the water and by a greater
gelatinization of polymeric substances at the membrane surface at
higher temperatures [14].

In general, the decline of the permeate flux in a filtration process
can be explained by means of the resistances in series model. As was
previously described [14], when a wastewater is being filtrated, the
permeate flux is represented by the general Darcy’s law:

Jv = TMP
�Rt

(2)

where Jv represents the permeate flux of the wastewater, Rt corre-
sponds to the total hydraulic resistance, and � is the viscosity of the
wastewater. In the case of filtration of pure water, a similar equa-
tion can be used with the terms Jw (permeate flux of pure water)
and Rm (hydraulic resistance of clean membrane) instead of Jv and
Rt, which allows the calculation of Rm:

Jw = TMP
�Rm

(3)

The total resistance is the result of several resistances in series:

Rt = Rm + Rf = Rm + Ref + Rif (4)

where Rm was previously commented; and Rf is the fouling resis-
tance, which at the same time is the sum of the external (Ref) plus
the internal (Rif) fouling resistances. Ref is mainly due to deposi-
tion of a cake layer on the membrane surface, and therefore, it can
be removed by cleaning with UP water after the filtration experi-
ment of the secondary effluent, as was described in Section 2. On
the contrary, Rif is due to pore blocking and adsorption of materials

onto the membrane surface and pores, which cannot be removed
by water cleaning [10].

The described resistances were determined from permeate flux
data obtained in the filtration experiments and by using Eqs.
(2)–(4): Rm from filtration of pure water with the new membrane

Rif × 10−13 (m−1) Ref × 10−13 (m−1) (Rf/Rt) × 100 (%)

0.29 0.43 67.2
0.41 0.57 73.3
0.28 0.18 24.3
0.27 0.34 29.1
0.29 0.49 34.5
0.45 0.80 45.1
0.50 1.20 54.1
0.32 0.43 28.0
1.03 0.98 23.0
1.50 1.84 24.8
0.02 1.96 16.8
0.01 2.12 18.1
0.99 4.13 27.6
0.09 3.55 20.6
0.23 0.73 18.4
0.24 0.92 21.8
0.30 1.09 24.5
0.17 2.43 39.2
0.36 4.19 53.5
0.23 1.11 19.9
0.16 1.11 28.5
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nd prior to the filtration of the secondary effluent; Rt from the fil-
ration of the secondary effluent in every experiment performed;
nd the combination Rm + Rif from the second pure water filtration
tep, after finishing the experiment and cleaning the membrane
ith pure water. Finally, Rf and Ref where calculated according to

q. (4), by using the determined values of Rm, Rt and Rif. Follow-
ng this procedure, Table 4 summarizes the different resistances
btained in every experiment conducted. It can be noted that, in
eneral terms, the contribution to the total resistance of the foul-
ng resistance (combined external plus internal) was lower than
he inherent resistance of the clean membrane, excepting Expts.
F1 and UF2 carried out with the PW membrane, and Expts. UF7
nd NF9 performed with v = 0.5 m s−1, which show an important
ouling phenomenon (Rf/Rt) × 100 > 50%).

Specifically in the UF process, at the same operating condi-
ions Rf increased for membranes with lower MWCO (sequence
W < PT < GK < GH), as well as Rm did. However, the contribution of
f to the total resistance was more significant in the membranes
ith higher MWCO (PW and PT). Thus, for the PW membrane

MWCO of 20 kDa), Rf contributed to around 70% of Rt, and Rm pro-
ided the remaining 30%. In the case of the GK and GH membranes
MWCO of 2 and 1 kDa, respectively), the contribution of Rf to the
otal resistance was only about 24%. Therefore, the fouling resis-
ance was more important that the inherent membrane resistance
nly in those membranes with high MWCO. In addition, the values
f Rif and Ref obtained in each experiment are comparable, or at
east of the same order of magnitude. As a result, the contribution
f both external fouling (mainly due to cake formation) and inter-
al fouling (due to pore blocking and adsorption) were similar in
he selected UF membranes.

In the case of NF membranes, all of them with similar MWCO,
m was more important than Rf for all the membranes tested; that

s (Rf/Rt) × 100 < 50%, except for the mentioned experiment NF9.
he fouling resistance in the different membranes (TMP = 30 bar,
= 2 m s−1 and T = 20 ◦C) followed the sequence HL < DL < DK < CK.
he highest value of Rf corresponding to the CK membrane can
e explained by its hydrophobic character. Effectively, the internal
ouling was only significant for the CK membrane, which is a con-
equence of the higher amount of organic matter adsorbed on this
embrane. Nevertheless, the external component of the fouling

esistance was much higher than the internal component (unre-
overable by physical cleaning) for the selected NF membranes: it
ndicates that the cake layer provided a higher contribution than
he adsorbed particles which remained inside the membrane after
he washing stage with pure water. Cake layer filtration would
e predominant when particles are larger than the pore size, as

t occurs in NF, while pore blocking would be caused by compo-
ents dimensionally comparable with the pore size. Similar low

nternal fouling was obtained by Manttari et al. [31] during the
F of effluents from the pulp and paper industry with the NF270
embrane.
With respect to the influence of TMP, it can be observed in

able 4 that Rt increased with TMP in both processes, UF and NF,
hich is due to the increment of fouling with TMP. Actually, for

he UF PT membrane, an increase of TMP led to an increase of Rf
rom 0.46 × 1013 to 0.78 × 1013 m−1, which is mainly due to the
ise of the external fouling, being the internal fouling fairly constant
Expts. UF3–UF5). Similarly, in the case of the NF HL membrane, Rf
ncreased from TMP = 10 bar to 30 bar (see Expts. NF5–NF7) mainly
ue to the increase of Ref, because Rif remained almost constant. As
result, higher TMP led to higher contributions of the fouling resis-
ance to the total resistance (24.3–34.5% and 18.4–24.5% for the PT
nd HL membranes respectively), which resulted in an increase of
he flux reduction with TMP as commented above. This increment
f fouling, specially its external contribution, can be explained by
he greater compression of the cake layer at high TMP.
Fig. 4. Influence of the tangential velocity on the different resistances determined
in the NF experiments performed with the HL membrane at 20 ◦C and TMP = 30 bar.

Fig. 4 shows the influence of the tangential velocity on the resis-
tances for the HL membrane at TMP = 30 bars and 20 ◦C (Expts.
NF7–NF9). The membrane resistance Rm remained almost constant
at different tangential velocities, as could be expected. A similar
behaviour can be observed for Rif. However, Ref decreased with the
increase in the tangential velocity, because an increase in this veloc-
ity reduced the accumulation of solutes on the membrane surface
(cake layer). Similar tendencies were obtained for the experiments
performed with the UF PT membrane. Consequently, the decrease
of Ref with Rif and Rm almost constants led to decreases of Rt and
Rf.

Finally, the influence of the temperature on the resistances was
investigated in experiments performed with the PT membrane
(Expts. UF8 and UF4 at 10 and 20 ◦C) and with the HL membrane
(Expts. NF10, NF7 and NF 11 at 10, 20 and 30 ◦C). It is obtained
that Rm decreased with increasing temperature, due to lower val-
ues of the viscosity of the liquid. On the contrary, Rf decreased
slightly with temperature in the UF experiments, indicating a
slightly less severe fouling phenomena at higher temperature,
while remained almost constant in the NF experiments. Similarly,
Rif and Ref decreased slightly with temperature in the UF exper-
iments. As a consequence, a temperature increase resulted in a
similar contribution of the fouling resistance to the total resistance
in the UF experiments. However, the contribution of the fouling
resistance increased at higher temperature in the NF experiments
from 19.9% at 10 ◦C to 28.5% at 30 ◦C.

In conclusion, and according to the values of permeate flux and
flux reduction summarized in Table 3 and the values of the different
resistances detailed in Table 4, it is demonstrated that the mem-
branes PT and HL provided the best results among the selected UF
and NF membranes, because both presented good permeate flux
with relatively low fouling phenomena. Under similar experimen-
tal conditions, the PT membrane (MWCO of 5 kDa) provided almost
the same permeate flux than the PW membrane (MWCO of 20 kDa),
and much higher than GK and GH membranes (MWCO of 2 and
1 kDa, respectively). On the other hand, although the different NF
membranes tested had similar MWCO, the HL membrane provided
the highest permeate flux.

3.2. Rejection coefficients for several water quality parameters
The effectiveness of the filtration processes in the removal of
the organic matter present in this municipal secondary effluent
was evaluated by the rejection coefficients, which were referred
to several water quality parameters or pollution indices. As was
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Table 5
Rejection coefficients (expressed as rejection percentages) obtained for several
water quality parameters in the filtration of secondary effluents (VRF = 3).

Expt. fCOD (%) fTOC (%) fUVA (%) fturb (%) fN (%) fP (%)

UF1 59.3 56.6 59.8 78.9 23.9 56.2
UF2 60.3 58.2 62.6 82.6 25.8 61.2
UF3 57.7 57.9 65.3 83.3 23.9 60.1
UF4 64.0 58.0 65.8 86.0 30.9 58.9
UF5 60.7 56.3 68.9 88.6 34.2 62.9
UF6 57.5 53.2 65.4 89.3 22.2 58.7
UF7 52.7 48.2 56.0 84.2 14.7 57.3
UF8 66.5 59.1 70.4 85.4 36.0 62.8
UF9 67.3 59.5 72.5 81.5 26.7 61.8
UF10 68.6 65.8 74.0 83.9 26.0 61.8
NF1 89.4 87.4 91.3 82.7 57.0 84.6
NF2 93.0 90.2 94.0 89.7 53.4 94.7
NF3 84.5 83.0 87.0 80.4 70.2 89.4
NF4 89.6 85.7 95.2 85.7 63.9 97.0
NF5 88.4 84.4 95.5 83.3 54.0 94.2
NF6 91.5 89.6 95.8 85.7 58.5 95.6
NF7 93.7 89.6 95.8 85.4 59.0 98.3
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on the removal of turbidity, total phosphorus and total nitrogen. In
a similar way, Fig. 6 represents the rejection coefficients obtained
with the selected NF membranes (Expts. NF2–NF4 and NF 7). It
can be observed that the f values for COD, TOC, UVA, T and P were
similar for the membranes DL, DK and HL, and lower for the mem-
NF8 89.6 85.5 94.9 85.4 45.3 96.5
NF9 88.8 83.2 91.3 83.6 45.0 95.7
NF10 93.9 87.9 97.0 85.7 65.8 89.9
NF11 92.9 84.7 95.3 81.7 48.6 93.4

reviously explained, the water quality parameters selected in the
resent work were: chemical oxygen demand (COD), total organic
arbon (TOC), absorbance at 254 nm (UVA), turbidity (turb), total
itrogen (N) and total phosphorus (P). The rejection coefficient for
he specific case of COD was defined by:

COD = CODF − CODP

CODF
(5)

here CODF and CODP represent the COD in the feed and permeate
treams respectively. Similar equations were used for the remain-
ng rejection coefficients (fTOC for TOC, fUVA for UV absorbance at
54 nm, fturb for turbidity, fN for total nitrogen, and fP for total
hosphorus content). These rejection coefficients were determined
t different filtration time in the experiments performed. In gen-
ral, the retention of the main water quality parameters decreased
lightly with the filtration time, due to the gradual increase of the
oncentration gradient, and also, to the decrease in the adsorption
ate during the experiments because of the saturation of the mem-
rane. The values obtained for the rejection coefficients at the end
f the experiments (VRF = 3) are summarized in Table 5.

The observation of the values depicted in Table 5 allows
he deduction of several general trends with respect to the
nfluence of the modified operating variables. Firstly, the
ejection coefficients sequence achieved was slightly differ-
nt for UF or NF membranes: thus, turbidity > absorbance
t 254 nm > COD > TOC ≈ phosphorus � nitrogen for UF; and
bsorbance at 254 nm > phosphorus ≈ COD > TOC > turbidity >
itrogen for NF. On the other hand, lower removals of these water
uality parameters were obtained in the UF process: higher than
0% for turbidity, in the range 60–80% for absorbance at 254 nm,
hosphorus, COD and TOC and lower than 36% for nitrogen. On
he contrary, higher removals were obtained in the NF process,
s could be expected for membranes with much lower MWCO:
ore than 80% for all the selected parameters, excepting nitrogen.

n conclusion, these filtration processes led to moderate (UF) and
igh (NF) elimination of the organic matter content present in the
econdary effluent. Regarding to the removal of total phosphorus,
t was also moderate (UF) or high (NF), which could be explained

f the phosphorus is present in organic compounds, forming
omplexes with high molecular weight; or as polyphosphates or
hosphates, which are repelled by negatively charged membranes

ike those used in the present work [31]. On the contrary, the
limination of total nitrogen was rather limited in NF and low in
Fig. 5. Influence of the MWCO and nature of the selected UF membranes on the
rejection of water quality parameters at VRF = 3 (Expts. UF2, UF5, UF9 and UF10 in
Table 3).

UF, probably because of the low retention of nitrogen-containing
organic compounds. Only nitrogen present as nitrite and nitrate
anions would be partially repelled by negatively charged mem-
branes. Furthermore, high molecular mass substances contained
in a municipal secondary effluent might adsorb ions and improve
their retention. With respect to the elimination of microorganisms,
both total and faecal coliforms were not identified in the permeate
of any experiment; and thus, a total removal of coliforms was
achieved with UF and NF membranes. Lonigro et al. [3] also
observed completely removal of Giardia cyst and Cryptosporidium
oocyst in UF of municipal wastewater. Therefore, membrane
filtration is useful for removal of potentially pathogenic coliforms
or protozoan cyst from wastewater to be reused.

Secondly, there are slight influences of the operating variables
(TMP and v) on these rejection coefficients. Thus, from the results
summarized in Table 5, it can be only observed a slight positive
influence of v on the rejection coefficients, which is due to the
accumulation of solutes at higher tangential velocities (Expts. UF7,
UF6 and UF4; and NF9, NF8 and NF7). However, the MWCO of the
UF membranes presented a clearer influence on the parameters
reflecting the removal of organic matter (COD, TOC and UVA), as
can be seen in Fig. 5, which shows the f values for experiments
performed with the four membranes tested under similar exper-
imental conditions (Expts. UF2, UF4, UF9 and UF10). Thus, the
rejection coefficients followed the sequence GH > GK > PT > PW with
MWCO of 1, 2, 5 and 20 kDa respectively. On the contrary, the differ-
ent MWCO of these membranes did not exert an apparent influence
Fig. 6. Influence of the nature of the selected NF membranes on the rejection of
water quality parameters at VRF = 3 (Expts. NF2, NF3, NF4 and NF7 in Table 3).
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Table 6
Concentration of pharmaceutical compounds present in the secondary effluent and
rejection coefficients obtained in experiments UF4 and NF7.

Pharmaceuticals [P]0 (ng L−1) fP (%)a fP (%)b

4-Amino-antipiryne (4-AA) 136 81 89
Antipyrine 140 54 82
Atenolol 1435 11 76
Benzafibrate 288 70 91
Carbamazepine 169 56 81
Ciprofloxacin 229 65 nd
Codeine 5794 79 94
Diclofenac 942 71 92
Fenofibric acid 180 86 88
Furosemide 451 70 78
Gemfibrozil 1280 59 85
Hydrochlorothiazide 2358 44 56
Ibuprofen 381 69 88
Iopamidol 2831 nd 64
Iopromide 2946 nd 86
Ketoprofen 607 58 87
Metronidazole 135 73 81
N-acetyl-4-amino-antipiryne (4-AAA) 5541 81 88
Naproxen 384 47 80
N-formyl-4-amino-antipiryne (4-FAA) 3432 51 87
Nicotine 122 60 81
Ofloxacin 285 nd 95
Pravastatin 136 73 95
Primidone 117 25 72
Ranitidine 225 28 75
Sulfamethoxazole 363 87 95
Trimethoprim 521 74 86
Velafaxime 267 45 87
J.L. Acero et al. / Journal of Haza

rane CK. On the contrary, the removal of total nitrogen followed
he sequence CK > DK > HL > DL. One could expect higher rejection
f organic matter with the more hydrophobic CK membrane, due
o the higher capacity to adsorb hydrophobic organic compounds.
nstead, the lower values of rejection coefficients in this CK mem-
rane could be explained by the low contribution of adsorption to
he overall removal of organic compounds and by its higher pore
ize.

As it has been reported, there are several factors affecting reten-
ion of pollutants and their retention mechanisms [32–33]. The

ain key solute parameters that primarily affect solute retention
re molecular weight (MW), molecular size (length and width),
cid disassociation constant (pKa), hydrophobicity/hydrophilicity
log Kow) and polarity (dipole moment). Similarly, key membrane
roperties affecting retention are MWCO, pore size, surface charge
nd hydrophobicity/hydrophilicity. In general, the dominant mech-
nism for retention of organic matter would be size exclusion. In
ffect, the permeation through membranes will be easier for small
olecules than for larger molecules, and the retention will gener-

lly increase with molecular size. As a consequence, the rejection
actors of the selected water quality parameters would be higher in
he NF membranes with lower MWCO, as it occurs in this work (see
able 5). However, other retention mechanisms such as adsorption
nd pore blocking are also important in membranes with MWCO
igher than the molecular weight of the solutes, which typically
ccurs in the UF process. Both, pore blocking and adsorption, may
arrow the membrane pores and lead to higher rejections [33].

n addition, electrostatic repulsion must also occur between nega-
ively charged membranes and solutes with negative charge, such
s anions and deprotonated organic moieties. Furthermore, foul-
ng and rejection mechanisms of secondary municipal wastewater
solates on UF and NF membranes were investigated by Jarusut-
hirak et al. [34]. Thus, while the colloid fraction fouled UF and
F membranes primarily due to the effects of pore blockage, the
ydrophobic and transphilic fractions were rejected by electro-
tatic repulsion.

According to these previous considerations and to the values
f Rif and Ref discussed above, adsorption and pore blocking must
ontribute to the retention of solutes predominantly in the UF
embranes and in the case of the hydrophobic NF CK membrane.
ther retention mechanisms, such as size exclusion, electrostatic

epulsion and adsorption on the cake layer, must therefore partici-
ate in the retention of solutes, specially in the case of hydrophilic
F membranes.

In addition to the good permeate flux and relatively low fouling
henomena occurring in this system, the membranes PT and HL
rovided excellent results, among UF and NF membranes respec-
ively, for the retention of solutes. Thus, the values of some water
uality parameters in the permeate stream generated in the UF and
F processes were, respectively, 15–23 and 3–7 mg L−1 for COD,
.06–0.10 and 0.01–0.03 cm−1 for UV absorbance at 254 nm, 5–8
nd 2–3 mg L−1 for TOC and 0.3–0.5 and 0.3–0.4 NTU for turbidity.
herefore, these membranes are feasible options for the treatment
f secondary effluent from municipal wastewater, with the goal to
btain a permeate with good physico-chemical and microbiolog-
cal quality, which can be reused in several applications such as
rrigation, aquifer recharge, etc.

.3. Rejection of pharmaceutical compounds present in the
econdary effluent
The initial concentrations of pharmaceutical compounds
n the investigated secondary effluent were determined by
C–QTRAP–MS/MS, as well as their concentration in the perme-
te obtained in two selected experiments (UF4 and NF7, which
ere performed with the membranes PT and HL respectively). The
nd: not determined.
a Experiment UF4: membrane PT, TMP = 6 bar, v = 2 m s−1, T = 20 ◦C.
b Experiment NF74: membrane HL, TMP = 30 bar, v = 2 m s−1, T = 20 ◦C.

results obtained for these concentrations of different families of
pharmaceuticals in the secondary effluent and for the rejection
coefficients of each compound determined in both experiments are
summarized in Table 6. As can be observed, the retention of phar-
maceuticals was higher for the NF HL membrane, as corresponds
to its lower MWCO. The values of rejection coefficients covers a
wide range (from 11 to 87% and from 56 to 95% for the PT and HL
membranes respectively) because there are several solute prop-
erties that affect the retention (MW, molecular size, pKa, log Kow,
dipole moment, etc.) by different mechanisms (adsorption, steric
hindrance, electrostatic repulsion, etc.) as has been discussed. Nev-
ertheless, most of the pharmaceuticals presented retentions above
80% with the HL membrane.

In conclusion, a NF step with the HL membrane removes most
of the organic compounds, including toxic pharmaceuticals, from
the secondary effluent, being an excellent option for its purifica-
tion before discharge. Further investigation is required to elucidate
the retention mechanism for each specific compound and to estab-
lish a relation between the retention and the physical–chemical
properties of the pharmaceuticals.

4. Conclusions

From the results obtained in the UF and NF experiments of
secondary effluent from a WWTP in batch concentration mode,
it was found that flux decline, and therefore membrane fouling,
were higher for UF membranes. This permeate flux decline could
be explained by the resistances in model series. In general, the
contribution of the fouling resistance to the total resistance was

lower that the inherent resistance of the membrane. Higher fouling
resistances were found in membranes with high MWCO and in the
case of the hydrophobic NF CK membrane. In addition, while the
contribution of both internal (pore blocking and adsorption) and
external (cake formation) fouling were similar in the selected UF
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embranes, only external fouling was important in the filtration
ith NF membranes. With respect to the influence of the operating

ariables, although the permeate flux increased with the increase
n the applied TMP, external fouling was also more pronounced,
pecially in membranes with higher MWCO. The tangential veloc-
ty or feed flow rate exerted a positive influence on the permeate
ux, reducing external membrane fouling due to the increment of
he turbulence at the membrane interface.

The evaluation of the rejection coefficients for the
elected water quality parameters provided the follow-
ng sequence: turbidity > absorbance at 254 nm > COD >
OC ≈ phosphorus > nitrogen for UF; and absorbance at
54 nm > phosphorus ≈ COD > TOC > turbidity > nitrogen for NF.
hese filtration processes led to moderate (UF) or high (NF)
emoval of organic compounds as well as of total phosphorus. On
he contrary the elimination of total nitrogen was rather limited,
pecially in UF. At the same time, total removal of coliforms
as achieved by both UF and NF. In addition, a high removal of
harmaceutical compounds present in the secondary effluent was
btained, specially with the NF HL membrane, which provided
etention coefficients above 80% for most of the pharmaceuticals.
herefore, UF and NF are plausible options for the treatment
f secondary effluents in order to obtain a permeate with good
hysico-chemical and microbiological quality, which can be
eused in several applications. Specially interesting are the results
btained with the application of the NF HL membrane, which
rovided high permeate fluxes, a relatively low fouling, and high
etention of contaminants.
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