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ABSTRACT

A wide range of commercial membranes were tested and compared at laboratory scale in
order to select the most appropriate for improving the final water quality of a real drinking
water treatment plant (DWTP). Most of the membranes tested showed a reduction of trihalo-
methanes formation potential (THMFP) higher than 90%. In this work, several NF mem-
branes were tested at laboratory scale in order to evaluate the most suitable NF membrane
to reduce THMFP. NF270 (Dow Chemical) and ESNAI1LF2 (Hydranautics) were finally
selected based on their permeability and inorganic salt rejection. These two membranes were
tested in parallel in a pilot-scale plant. The effectiveness in THMPF removal was evident for
all membranes tested. The comparison of both membranes was carried out simultaneously in
a pilot plant installed in the DWTP of Manresa. In the spiral wound configuration, both
membranes also showed effective separation of trihalomethanes (THM) precursors, reducing
THMEFP in treated water at values of approximately 90%, depending on the season.

Keywords: Pilot plant; Nanofiltration; Spiral-wound modules; NF270; ESNA1LF2; Drinking

water; Trihalomethane formation potential

1. Introduction:

Increasing water pollution and frequent droughts
occurring in cyclic periods endanger drinking water
quality in some regions, as the Mediterranean. Water
scarcity and an increasing population worsen the glo-
bal water situation, requiring the implementation and
development of new technologies into conventional
processes for drinking water production. Conventional
treatments for drinking water are usually based on
four main steps: predisinfection, coagulation, filtration

*Corresponding author.

and final disinfection. Variations of these processes
are frequent due to the high variability of the water
source quality and the different requirements of each
country in the final drinking water quality.
Disinfection is essential to control biological
parameters in order to not endanger human health
[1]. This key step could result in disinfection by-prod-
uct (DBP) formation. The presence of DBP in drinking
water is variable and their regulation is different in
each country. Trihalomethanes (THM) are the most
well-known chlorinated DBP and they have been
recognised as a potential carcinogen [2,3]. Under [2,3].
Under current Spanish and European Union legisla-
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tion, the maximum content of THM in drinking water
is 100 pg L_l, while the standard value legislated in
the USA is 80pugL "' [4,5]. The total concentration of
THM (tTHM) is represented by the sum of trichlorom-
ethane (TCM), bromodichloromethane (BDCM), dib-
romochloromethane (DBCM), and tribromomethane
(TBM). The guidelines of the World Health Organiza-
tion (WHO) and USA legislation also regulate other
DBP as haloacetic acids (HAA) and haloacetonitriles
(HAN) at levels lower than 100 ug L ™" [6].

Natural waters present considerable amounts of
natural organic matter (NOM), which reacts with chlo-
rine or other oxidant agents employed as disinfectants.
In these conditions the DBP formation is unavoidable
and depends on the reaction conditions: type and con-
centration of disinfectant, NOM content and composi-
tion, temperature and pH [7,8]. Fortunately, drinking
water process has been improved in several aspects,
but the THMFP represents a challenge in many plants.
Some solutions have been implemented, for example
chlorine can be substituted for other oxidant agents,
mainly potassium permanganate, dioxide chlorine,
chloroamines and ozone [9]. This is a good alternative
during the predisinfection, but it shows some inconve-
nience for the final disinfection, requiring the chlorine
addition in this final step to assure stability of the
microbiological quality [7]. Among other methods,
removing NOM in the raw water leads to a decrease
in the DBP content of the final water. In this way,
nanofiltration (NF) has been gradually implemented in
drinking water treatment as a result of its effectiveness
in removing NOM and contaminants such as pharma-
ceuticals, heavy metals or pesticides [10-13].

Rejection mechanisms of NF mainly include size
exclusion and electrostatic repulsion which allow com-
pounds and ions removal from water [14-17]. NOM,
as a precursor of DBP, deteriorates water quality and
in this way, NF can increase the final water quality
[18-21]. Furthermore, inorganic ions are partially
removed depending on their concentration, electric
charge, and molecular weight. From this point of
view, groundwater and some brackish waters have
been treated by NF technology in order to reduce
hardness or remove heavy metals or other inorganic
contaminants, such as sulphates or nitrates [22-24].

The main problems of NF technology are the high
energy requirements in comparison to conventional
processes and the fouling tendency of the membranes.
Laboratory and pilot plant studies have investigated
flux decline and availability to remove undesirable
compounds in NF processes for different types of
water composition and operational parameters [25-27].

The use of NF in real water treatment plants has
been increased in the last years. In 2001, one of the

largest NF plant was built in the city of Boca Raton
(Florida), to treat underground water for drinking
water purposes [28,29]. In Paris, the Mery-sur-Oise
drinking water treatment plant (DWTP) treats fresh-
water through NF process using NF200 membranes to
remove pesticides and other contaminants. Pretreat-
ment in this plant consists in predisinfection with
ozone, sand and active carbon filtration previous to
NF step. However, significant fouling was detected
according to seasonal variations in the study of Her
et al. [30]. A combination of physicochemical and
hydrodinamic conditions affects fouling formation,
increasing the flux decline and decreasing membrane
performance. However the quality and flow of perme-
ate water can be maintained if NF process is well
designed and monitored. Pilot plant studies are useful
to characterize fouling agents and find the best option
to clean membranes.

This work consists in selecting two NF membranes
from laboratory results in order to compare and eval-
uate the most suitable NF membrane to reduce
THMFP during the pilot plant experimentation. The
effectiveness in THMFP removal was noticeable for all
membranes tested, consequently other parameters
were evaluated in the laboratory experiments, as for
example permeability and inorganic salt rejection, in
order to select only two membranes. NF270 4040
(Dow Chemical) and ESNA1LF2 4040 (Hydranautics)
modules were finally selected and its performance
were evaluated in a pilot plant installed in the DWTP
of Manresa, where 30,000m®/day of drinking water
are produced from specific freshwater source located
in this area.

2. Materials and methods
2.1. Feed water quality

Water from DWTP in Manresa (NE Spain) was
used in this study. The hydric system that acts as a
potable water source for the inhabitants of this city
comes from Llobregat River. The deviation takes place
50km after the Baells reservoir (100 Hm?), and before
the mining salt intrusion located 10km down through
the river. Before entering the DWTP, where
30,000 m®/day of drinking water is produced, water is
stored in Llac de I’Agulla reservoir, a small reservoir
(0.3Hm?) that acts as water reserve for Manresa.

In a previous study, THMFP evolution along the
hydric system of the Llobregat River and the ability of
NF membranes to decrease it were shown [31]
(Fig. 1).

Point 1 is near the source of the river, in the
village of Pobla de Lillet. Point 2 is located 35km
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Fig. 1. THMPF and non-purgeable organic carbon (NPOC) evaluation through the hydric system selected in Llobregat

River and their reduction by NF process at laboratory scale.

downstream, after La Baells reservoir. The water devi-
ation takes place at point 3, in Balsareny, 50 km down-
stream of point 1. Point 4 is located 70km
downstream of the river source, before Llac de I'Agu-
lla. Point 5 is located in the DWTP after prechlorina-
tion and pollyaluminium chloride sedimentation,
followed by a sand filtration step. As can be seen,
water reservoirs of La Baells and Llac de 1’Agulla
have a negative influence in final water quality of
Llobregat’s water, significantly increasing its THMPF.
NOM content in fresh water used during the
experiments reacts with chlorine, as the disinfectant
employed, to form THM. THMFP increased in waters
that presented the highest contents of nonpurgeable
organic carbon (NPOC), as it is shown in Fig. 1. The
THMFP in point 5 is four times higher than THMFP
in point 1, near the river source. These results indicate
the important influence of water reservoirs in water
quality from the point of view of THMFP. In any case,
the ability of NF to reduce THM formation in disinfec-

ted waters in all points of the selected hydric system
can be observed.

In this study, water used comes from point 5. Its
average composition is shown in Table 1.

Inorganic water composition was considered prac-
tically constant during the experimental period. In
order to avoid considerable fouling, an ultrafiltration
(UF) step was implemented after sand filtration to
treat feed water for NF spiral wound modules during
the pilot study.

2.2. Selection of NF membranes at laboratory scale

Nine commercial NF membranes were selected to
test its ability to remove THMPF precursors from
water (Table 2). Three experimental campaigns carried
out in the laboratory were performed in July 2009,
November 2009, and March 2010. During each cam-
paign, water was collected daily at point 5 in Manresa
DWTP.

Table 1

Average composition of the feed water used

Parameter Average value Standard deviation = Parameter Average value Standard deviation
Conductivity (uSem™') 570 30 Ca** (mgL™) 82 9
pH 7.8 0.2 Mg** (mgL™) 12 2
SDI 12 0.9 Na* (mgL™") 20 6
UVA (254 nm) 0.039 0.015 K" (mgL™) 2.0 0.5
THMPF (ugL™") 120 40 Sr (mgL™") 1.05 0.05
NPOC (ugL ™) 2,560 540 Si (mgL™") 0.91 0.93
Al (ugL™ 51 13 HCO; (mgL™") 175 8
Ba (ugL™") 43 10 SO; (mgL™") 100 23
Feqoral (LgL™") 7.5 CI” (mgL™" 35 7

B (ugL ™) 27 2 NO; (mgL™") 27 1.6
Mn (ugL ™) 0.14 0.17 F (mgL™") 0.16 0.04
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Table 2

Comercial NF membranes used in laboratory experiments

Manufacturer Model Manufacturer Model
Dow Chemical NE270 Hydranautics ESNA1LF2
Dow Chemical NF200 Koch TFCS-SR3
Alfa Laval NF99HF Koch TFCS-SR2
Osmonics DK Iberlact PC D400
Osmonics DL

PERMEATE
CONCENTRATE

| ANALYSIS

FEED

ceeeeeee- DATA

.
i

Fig. 2. Experimental system flow sheet at laboratory scale.

Fig. 2 shows the scheme of the lab-scale experi-
mental system. The SEPA II module (GE Osmonics)
was used for membrane testing. The NF experiments
were performed recycling the concentrate and the per-
meate streams. In all experiments the temperature
was maintained nearly to 25°C with a thermal bath in
order to obtain comparable results [32].

The operational conditions monitored and con-
trolled in the laboratory-scale system were the opera-
tional pressure and the cross-flow velocity. The
installation of a valve in the concentrate stream
allowed controlling the feed pressure. Two pressure
sensors, one in the feed and another in the concen-
trated streams measured the operational pressure val-
ues. A piston pump was used to feed the system and
it was regulated to set the cross-flow at 1 ms~},
approximately.

Conductivity and pH of the permeate stream were
measured online, using a conductivity cell (Crison 53
92) and a pH electrode (Crison 53 03). Five permeate
samples, corresponding to filtered water at 3, 6, 9, 12,
and 15bars, were collected for each membrane in
order to analyze major inorganic ions and NPOC con-
centrations. Measurements of UV light absorption
were also performed for the previously indicated
water samples. THMFP was only determined at 9 bars
as the average value of the feed pressure.

2.3. NF pilot process

From the results obtained from laboratory two NF
membranes were selected for the pilot plant study,
NF270 and ESNA1LF2. The aim of this study was to
compare simultaneously both membranes in terms of
their performance and THMFP reduction ability in a
period of six months.

Structural characteristics of NF membranes as elec-
trical charge, hydrophobicity, molecular weight cut-off
and roughness have been evaluated in previous stud-
ies [33], although a lack of information exists for
ESNAT1LF2. Table 3 shows some membrane character-
istics such as pore size and membrane surface rugosi-
ty [34].

One of the rejection mechanisms of NF membranes
is the steric exclusion, which is directly related with the
membrane pore size. Membrane surface morphology is
related to the membrane fouling potential. Vrijenhoek
et al. demonstrated that more particles are deposited
on rough membranes than on smooth membranes [35].

A schematic view of the NF pilot plant is pre-
sented in Fig. 3. The two-staged pilot plant used has
three arrays of pressure vessels (PV) placed in a 2:1
configuration. The first stage has two rows of six NF
elements each one with ESNA1LF2 4040 and NF270
4040 membranes in each separate row (stage 1.1 and
stage 1.2). The second stage contained a combination
of both membranes in a single row in order to
increase global pilot plant recovery (stage 2). Due to
the high silt density values (SDI) observed in the feed
water an UF step was added to improve the quality of
NF feed water. Metabisulphite and antiscalant (Gene-
sys LF) addition was required to remove free chlorine
and to avoid inorganic and colloidal scaling.

Table 3
Pore size and membrane surface rugosity for NF270 and
ESNA1LF2

Membrane rp (nm) Rms (nm)
NF270 0.50 5.35
ESNA1LE2 0.49 49.07
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Fig. 3. Schematic representation of the pilot plant experimental set-up in a DWTP.

NPOC, total inorganic carbon (TIC), major inor-
ganic anions (sulphates, nitrates, chloride) and cations
(calcium, magnesium, sodium and potassium), con-
ductivity, pH and UV absorbance were monitored
weekly in the permeate water from stages 1.1, 1.2,
and 2.

THMEFP analysis was monitored monthly in feed
and permeate samples of stages 1.1 and 1.2. Addition-
ally, THMFP of blended samples using permeated
water from both stages and water from point 5. 25%,
50%, and 75% of permeate water from each NF mem-
brane were mixed with water from point 5 in order to
study the influence of blending permeate water with
non-filtered water.

The pilot process was run six months applying
chemical cleanings when normalized permeate flow
decline was higher than 10%. During the first four
months the global recovery of the plant (including
both stages) was 75%. In the last two months, the pilot
plant was operated in a recirculation mode of approx-
imately 101min ™" of concentrate flow to reach a global
recovery of 90%. Transmembrane flux (TMF) was var-
ied from 20 to 32Imh in order to study its influence in
permeability and the final water quality.

2.4. Analytical methods

In order to determine the rejection of the studied
components in the feed water, several analytical

methods have been used for the analysis of the feed
water and permeate samples.

The rejection (%R) of components analyzed is
defined as follows:

CG—-C
R=———-100
% c

where C¢ and C, are the concentrations in the feed
and in the permeate flows, respectively.

Ion Chromatography (Dionex ICS-2000) was used
to analyze anions (SO, Cl-, NO;, F") and cations
(Ca®*, Mg®*, Na*, K*), and Total Carbon Analyzer
(AnalytikJena Multi NC 3,100) was used to analyze
TIC and NPOC. UV absorbance was measured using
a spectrophotometer (Shimadzu UV_1603).

THMFP was determined applying the 5710B stan-
dard method and THM concentrations were analyzed
by HS-GC/ECD (Agilent 7694E-Hewlett Packard
6890). Reference materials and spiked samples were
analyzed together with samples in each analysis batch,
and the recoveries were always between 90% and
110%.

3. Results and discussion
3.1. Selection of NF membranes at laboratory scale

The most important parameters characterizing the
performance of the tested membranes were evaluated
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at laboratory scale in three experimental campaigns
(March 2010, November 2009 and July 2010).

Fig. 4 shows conductivity rejection is in front of
permeate fluxes obtained at 3, 6, 9, 12, and 15 bars.

Conductivity reduction of feed water takes into
account the main dissolved inorganic ions and their
behavior in front of membrane surface properties,
basically electrostatic ones [36]. Results from Fig. 4
indicate the variability between membranes regarding
the permate flux and the conductivity reduction, being
TFC SR3, D400, 99HF, and NF200 the most imperme-
able in front of inorganic salts. TFC-SR2, NF270, and
ESNAI1LF2 showed the highest permeabilities with the
feed water used. These tendencies were observed for
all campaigns and it is important to note that inor-
ganic composition in the feed water was quite con-
stant for all sampling period.

Dissolved organic matter was measured by non-
purgeable organic carbon (NPOC). UV absorbance
and THMFP were determined as indicators of NOM
composition and its content of THM precursors. Fig. 5
shows the NF membranes performance in terms of
organic matter rejection for March 2010 and July 2009
laboratory campaigns, respectively.

With the exception of DK membrane, NPOC rejec-
tion was higher than 90% in all cases. The humic frac-
tion of NOM is recognized as the major fraction that
absorbs ultraviolet radiation (UVA) at 254 nm and the
most hydrophobic fraction of NOM [37]. In this study,
feed water presents low values of UVA, aromatic com-
pounds being less representative than aliphatic com-
pounds [38]. These UVA values could indicate the
variation of organic composition in feed water depend-
ing on the experimental campaign which is probably
related to temperature and microbiological activity.
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Fig. 4. Conductivity rejection of the nine commercial NF
membranes during the laboratory experimentation in
November 2009. Each point was obtained at a fixed
pressure (3, 6, 9, 12 and 15 bars).

Fig. 6 shows THMFP evolution in the permeate
samples. In the campaign of March 2010 higher
THMFP were observed in the feed water indicating an
increase in the THM precursors content during this
seasonal period. Only TCM and BDCM were quanti-
fied during THMFP determinations, this is related to
low bromide concentrations in feed and permeate
water samples.

All membranes demonstrated effective THMFP
reduction although seasonal variations in NOM con-
tent, presenting values higher than 90% in most cases
(NF270, NF200, SR100, D400, 99HF). The average
NPOC for feed water was 1.92 and 3.05mgl!
corresponding to November and March experimental
periods, respectively.
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Fig. 5. Organic components rejection for NF membranes tested in the laboratory experimentation period. Each point was
obtained at a fixed pressure (3, 6, 9, 12 and 15bars). (a) NPOC rejection in March 2010. (b) UVA reduction in July 2009.
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Fig. 6. THMFP reduction using 10 NF membranes in two experimental campaigns at laboratory scale.

The lower values of THMFP in permeates
(<30pug THM1™ ") could indicate that the membranes
tested were not able to remove low molecular weight
organic compounds [39,40]

Due to the high THMFP removal capacity of all
the membranes tested, permeability was chosen as the
main criteria for membrane selection. As TFC-SR2 was
no longer commercially available, ESNAILF2 and
NF270 were selected for the pilot-scale study.

3.2. Simultaneous evaluation of NF270 and ESNAILF?2 in
a pilot plant

Two NF membranes were selected from previous
laboratory experiments, NF270 4040 and ESNA1LF2

22

4040, as a result of their permeability, similar THMFP
reduction and different salt rejection. Both membranes
were tested in parallel at the same operational recov-
ery and TMF in a pilot-scale plant.

Fig. 7 shows the normalized permeate flow for
both membranes during the whole study.

Three chemical cleanings using NaOH and sodium
dodecylsulfate (SDS) were realized in order to recover
the permeate flow (25/5/2011, 12/7/2011 and 01/8/
2011). At the final of the pilot plant experimentation,
two modules were sacrificed in order to analyze the
cause of permeability decrease. No evidence of fouling
deposition was detected. Another reason to explain
TMF decline could be the membrane compaction [41].
Not enough filtered water by UF could be supplied in
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Fig. 7. Normalized permeate flow of ESNA1LF2 and NF270 membranes.
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Table 4
Average component rejection during NF process at pilot plant experimentation
Parameter NF270 ESNA1LEF2

Average rejection (%) Standard deviation (%) Average rejection (%) Standard deviation (%)
Ca** 63 4 90 2
Mg** 71 4 89 2
Na* 32 4 56 9
K* 36 6 63 7
HCO;™ 43 4 74 5
soi* 98 1 99 0.4
Cl™ 7 4 71 5
Conductivity 57 4 83 5
NPOC 96 2 97 2
UVA 254 99 2 99 2

order to continuously feed the NF membranes which
resulted in intermittent operation of the pilot plant
which could lead to membrane compaction.

Table 4 shows the average rejection values of inor-
ganic feed water components.

Lower salt rejection for NF270 has some beneficial
implications for DWTPs where the goal is to decrease
THMFP. Salt rejection is related to the membrane per-
meability. Higher salt rejection results in higher osmo-
tic pressure differences in both membrane sides which
imply higher feed pressures and energy requirements.
NF270 required a feed pressure between 3 and 4 bars
while ESNAI1LF require a feed pressure between 4
and 5bars. Furthermore, lower corrosive potential of
permeate water will result in lower salt rejection
which will decrease the post-treatment costs.

Fig. 8 represents the NF270 and the ESNA1LF2
ability to decrease THMFP in feed water.

—— feed water THMFP ——THMFP 25%NF270 = = THMFP 50% - - -~THMFP 75% THMFP 100%

160 NF270
140+

120+
100
80 4

60 -

THMFP (g THM 1)

40
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THMFP reduction was nearly proportional to the
percentage of permeate water in both membranes
tested. A minimum of 50% of permeate water ensures
a THMFP lower than 100 pg THM 1" in all the experi-
mental period. Even in the warm period between June
and September, when the highest THMFP in the feed
water was observed and membranes run at the high-
est TMF and recovery, both membranes demonstrated
their ability to significantly reduce the THMFP.

Variability in temperature, NOM composition, and
biological activity could affect THMFP. Specific ultravi-
olate absorbance (SUVA) (UVA/NPOC ratio) could act
as an indicator of the THMFP surface waters [30,42,43].
Fig. 9 shows the relationship between THMFP of the
feed and filtered water and its SUVA values.

This results show that SUVA is closely related to
the THMFP of the studied water. Consequently,
THMEFP of the permeate samples is also linked to the
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Fig. 8. THMFP reduction in blended water samples of NF permeate and feed water. Blending ratio indicates the

percentage of filtered water to the feed water.
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Fig. 9. Relation between SUVA ratio and THMFP in feed and permate water samples.

SUVA values of the feed water. Results obtained show
that THMFP of the filtered water is mainly related to
the NOM concentration and composition of the feed
water and not to the TMF, recovery or feed water
temperature at which membranes are operated. This
means that low molecular weight fraction of the NOM
is permeable to both membranes studied, resulting in
a residual THMFP in the permeate water [39,40].

4. Conclusions

Nine NF commercial membranes were compared
at laboratory scale showing different performances
regarding salt removal and permeability but similar
ability to remove THM precursor material from sur-
face water at Manresa DWTP.

NF270 and ESNAILF2 were selected for testing in
equal operational conditions at pilot scale. The main
difference between both membranes was salt rejection.
ESNAILF2 showed the highest rejection of inorganic
ions resulting in higher feed pressure requirements to
maintain the same permeate flow than NF270. Fur-
thermore, permeate water from ESNAILF2 showed
the lowest bicarbonate content which increases its cor-
rosive power.

Both membranes showed high rejections of THM
precursor material, which resulted in very low
THMEFP in the permeate water. A blending ratio of 0.5
between filtered and feed water ensured a THMFP
lower than 100 ug THM1 ' in all cases regardless of
the seasonal and operational conditions variation
(TMF and total water recovery).

Feed water showed higher THMFP in the period
between June and September. Seasonal variation con-
sidering higher temperature, biological activity, and
NOM concentration in the warm period could explain
this increase. SUVA values were closely related to the
THMFP of the feed water, which demonstrated the

ability of this parameter to indicate the THMFP of the
studied water. Furthermore, residual THMFP in the
filtered samples could be related to the presence of
permeable low molecular weight THM precursor
material.

References

[1] J.A. Castro-Hermida, 1. Garcia-Presedo, A. Almeida, M. Gon-

zalez-Warleta, ] M. Da Costa, M. Mezo, Detection of Cryptos-

poridium spp. and Giardia duodenalis in surface water: A health

risk for humans and animals, Water Res. 43(17) (2009)

4133-4142.

S.D. Richardson, M.J. Plewa, E.D. Wagner, R. Schoeny, D.M.

Demarini, Occurrence, genotoxicity, and carcinogenicity of

regulated and emerging disinfection by-products in drinking

water: A review and roadmap for research, Mutation Res.—

Rev. Mutation Res. 636(1-3) (2007) 178-242.

W. Wang, B. Ye, L. Yang, Y. Li, Y. Wang, Risk assessment on

disinfection by-products of drinking water of different water

sources and disinfection processes, Environ. Int. 33(2) (2007)

219-225.

Spanish Ministry of Industry and Energy, Real Decreto 140/

2003, 7 de febrero, por el que se establecen los criterios sani-

tarios de la calidad del agua de consume humano, Boletin

Oficial del Estado No. 45/2003, 2003, pp. 7228-7245.

United States-Environmental Protection Agency USEPA,

National Primary Drinking Water Regulations: Stage 2 Disin-

fectants and Desinfection By-products Rule Federal Register

71 (2006) (Number 2) 387-493.

[6] World Health Organization WHO, Guidelines for Drinking
Water Quality, third ed., WHO Library Cataloguing-in-Publi-
cation Data, 1, 2006.

[7] P.C. Singer (Ed.), Formation and Control of Disinfection By-
Products in Drinking Water. American Water Works Associa-
tion (AWWA), Denver, 1999, p.424.

[8] V. Matamoros, R. Mujeriego, ].M. Bayona, Trihalomethane
occurrence in chlorinated reclaimed water at full-scale waste-
water treatment plants in NE Spain, Water Res. 41(15) (2007)
3337-3344.

[9] E. Rodriguez, D. Onstad Gretchen, P.J. Kull Tomas, J.S. Met-
calf, J.L. Acero, Urs von Gunten, Oxidative elimination of
cyanotoxins: Comparison of ozone, chlorine, chlorine dioxide
and permanganate, Water Res. 41(15) (2007) 3381-3393.

[10] S. Chellam, R.R. Sharma, G.R. Shetty, Y. Wei, Nanofiltration
of pretreated Lake Houston water: Disinfection by-product
speciation, relationships, and control, Sep. Purif. Technol. 64
(2) (2008) 160-169.

2

—_

[3

—_

[4

[

[5

_—



G. Ribera et al. | Desalination and Water Treatment 51 (2013) 448-457 457

[11] G.L. Amy, C. Alleman, C. Brent Cluff, Removal of dissolved
organic matter by nanofiltration, J. Environ. Eng. 116(1)
(1990) 200-205.

[12] R. Liikanen, I. Miettinen, R. Laukkanen, Selection of NF
membrane to improve quality of chemically treated surface
water, Water Res. 37(4) (2003) 864-872.

[13] C. Bellona et al., Factors affecting the rejection of organic sol-
utes during NF/RO treatment—a literature review, Water
Res. 38(12) (2004) 2795-2809.

[14] B. Van der Bruggen et al., Influence of molecular size, polar-
ity and charge on the retention of organic molecules by nano-
filtration, J. Memb. Sci. 156(1) (1999) 29-41.

[15] A.EE. Childress, M. Elimelech, Relating nanofiltration
membrane performance to membrane charge (electrokinetic)
characteristics, Environ. Sci. Technol. 34(17) (2000) 3710-
3716.

[16] AL Schéfer, A.G. Fane, T.D. Waite, Nanofiltration: Principles
and Applications, Elsevier Science, 2006.

[17] N. Hilal, H. Al-Zoubi, N.A. Darwish, A.W. Mohammad,
M. Abu Arabi, A comprehensive review of nanofiltration

membranes: Treatment, pretreatment, modeling, and
atomic force microscopy, Desalination 170(3) (2004)
281-308.

[18] B. Van der Bruggen et al., Application of nanofiltration for
removal of pesticides, nitrate and hardness from ground
water: Rejection properties and economic evaluation, J.
Memb. Sci. 193(2) (2001) 239-248.

[19] J. Radjenovic et al., Rejection of pharmaceuticals in nanofiltra-
tion and reverse osmosis membrane drinking water treat-
ment, Water Res. 42(14) (2008) 3601-3603.

[20] I. Koyuncu et al., Removal of hormones and antibiotics by
nanofiltration membranes, J. Memb. Sci. 309(1-2) (2008)
94-101.

[21] K. Kimura et al., Rejection of organic micropollutants (disin-
fection by-products, endocrine disrupting compounds, and
pharmaceutically active compounds) by NF/RO membranes,
J. Memb. Sci. 227(1-2) (2003) 113-121.

[22] K. Kosutic et al., Removal of arsenic and pesticides from
drinking water by nanofiltration membranes, Sep. Purif.
Technol. 42(2) (2005) 137-144.

[23] Z.V.P. Murthy, L.B. Chaudhari, Separation of binary heavy
metals from aqueous solutions by nanofiltration and charac-
terization of the membrane using Spiegler-Kedem model,
Chem. Eng. J. 150(1) (2009) 181-187.

[24] J.A. Redondo, F. Lanari, Membrane selection and design con-
siderations for meeting European potable water requirements
based on different feedwater conditions, Desalination 113(2—
3) (1997) 309-323.

[25] J. Cho, G. Amy, ]. Pellegrino, Membrane filtration of natural
organic matter: Initial comparison of rejection and flux
decline characteristics with ultrafiltration and nanofiltration
membranes, Water Res. 33(11) (1999) 2517-2526.

[26] B. Van der Bruggen, C. Vandecasteele, Removal of pollutants
from surface water and groundwater by nanofiltration:
Overview of possible applications in the drinking water
industry, Environ. Pollut. 122(3) (2003) 435-445.

[27] C. Jarusutthirak, S. Mattaraj, R. Jiraratananon, Factors affect-
ing nanofiltration performances in natural organic matter
rejection and flux decline, Sep. Purif. Technol. 58(1) (2007)
68-75.

[28] F.E. Duran, G.W. Dunkelberger, A comparison of membrane
softening on 3 South Florida groundwaters, Desalination 102
(1-3) (1995) 27-34.

[29] L.C. Escobar, S.K. Hong, A.A. Randall, Removal of assimilable
organic carbon and biodegradable dissolved organic carbon
by reverse osmosis and nanofiltration membranes, J. Memb.
Sci. 175(1) (2000) 1-17.

[30] N. Her, G. Amy, C. Jarusutthirak, Seasonal variations of
nanofiltration (NF) foulants: Identification and control, Desali-
nation 132(1-3) (2000) 143-160.

[31] G. Ribera, L. Llenas, X. Martinez-Llad6, M. Rovira, J., De
Pablo, Trihalomethane formation potential along and hydric
system: Nanofiltration in drinking water treatment, in: IWA
World Water Congress & Exhibition, 2010, Montréal (IWA-
3040R1), 2010. B

[32] M. Nilsson, G. Tragardh, K. Ostergren, The influence of salt
and temperature on nanofiltration performance, J. Memb. Sci.
312(1-2) (2008) 97-106.

[33] M. Miéntdri, T. Pekuri, M. Nystrom, NF270, a new membrane
having promising characteristics and being suitable for treat-
ment of dilute effluents from the paper industry, J. Memb.
Sci. 242(1-2) (2004) 107-116.

[34] D.L. Oatley, L. Llenas, R. Pérez, P. Williams, X. Martinez-Llad6,
M., Rovira, Review of the dielectric properties of nanofiltration
membranes and verification of the single oriented layer
approximation, Adv. Colloid Interface Sci., 173 (2012) 1-11.

[35] E.M. Vrijenhoek, S. Hong, M. Elimelech, Influence of mem-
brane surface properties on initial rate of colloidal fouling of
reverse osmosis and nanofiltration membranes, J. Memb. Sci.
188(1) (2001) 115-128.

[36] J. Schaep et al., Influence of ion size and charge in nanofiltra-
tion, Sep. Purif. Technol. 14(1-3) (1998) 155-162.

[37] J.-P. Croue et al., Characterization of Natural Organic Matter
in Drinking Water, AWWA Research Foundation and Ameri-
can Water Works Association, Denver, CO, 2000.

[38] N. Ates et al., Removal of disinfection by-product precursors
by UF and NF membranes in low-SUVA waters, J. Memb.
Sci. 328(1-2) (2009) 104-112.

[39] KM. Agbekodo, B. Legube, P. Cote, Organics in NF perme-
ate, J. Am. Water Works Assoc. 88(5) (1996) 67-74.

[40] S. Meylan et al., Permeability of low molecular weight organ-
ics through nanofiltration membranes, Water Res. 41(17)
(2007) 3968-3976.

[41] C. Visvanathan, B.D. Marsono, B. Basu, Removal of THMP by
nanofiltration: Effects of interference parameters, Water Res.
32(12) (1998) 3527-3538.

[42] R.C. Hoehn et al., Algae as sources of trihalomethane precur-
sors, J. Am. Water Works Assoc. 72(6) (1980) 344-350.

[43] C. Chen et al., Disinfection by-products and their precursors
in a water treatment plant in North China: Seasonal changes
and fraction analysis, Sci. Total Environ. 397(1-3) (2008)
140-147.





