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ABSTRACT

The performance of a conventional sequence (preatmm, coagulation/flocculation/sedimentation,
filtration, disinfection) and two advance sequeng¢ps2-ozonation, nanofiltration; pre-ozonation,
coagulation/flocculation/sedimentation, nanofiiiva) on the removal of natural organic matter
(NOM) and disinfection by-products (DBPs) formatipotential was evaluated. Raw and treated
waters were characterized in terms of moleculagkteiwnhich includes the amount of NOM removed
and the qualitative changes in the NOM charactesigmolecular weight and hydrophobicity) since
they could be directly related with the DBPs forimat The results demonstrate that, for the type of
raw water analysed (hydrophilic with low dissolv@danic carbon content), both treatment sequences
remove larger molecular weight compounds. Howether sequences with nanofiltration have a higher
percentage of low molecular weight compounds rempwshen compared with conventional
sequence, thus the water from nanofiltration seceewill have lower DBPs formation potential.
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INTRODUCTION

Natural organic matter (NOM) is a complex matrixosfjanic compounds present in natural
water which affects water quality (like colour, agloand taste) and some processes of
drinking water treatment [1].
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NOM is a heterogeneous mixture with slightly wateluble compounds, present in aquatic
systems. It can be divided in hydrophobic and hgtdilac compounds, being humic
substances part of hydrophobic compounds [2]. Husubstances are precursors of
disinfection by-products (DBPs) in chlorinationne@ chlorine, widely used as a drinking
water disinfectant, reacts with NOM present in raaters. NOM size and molecular weight
(MW) are important properties in drinking wateraiment processes, since the size of the
humic substances has been related to the formatfo®BPs [1,3,4]. Many different
techniques have been used to measure MW of hunhistamces. High-performance size-
exclusion chromatography (HPSEC) is one of thoshrigues and has been applied by
several authors [4,5,6,7]. According with Pelekaial. [5], HPSEC provide useful
information about MW of the humic substances and & relatively simple and inexpensive
technique, which provides a rapid analysis of thatew samples at different stages of
treatment. Many DBPs are classified into carcinagesr mutagenic groups and their
concentrations in drinking water have been regdlateEuropean Union, United States and
by World Health Organization.

Therefore, the removal of NOM is a very importaefpsin drinking water treatment and some
treatment processes such as chemical coagulatowated carbon adsorption and advanced
oxidation processes are capable of removing NONh fnater. Coagulation is effective in the
removal of high MW compounds and is often used aseatreatment [1,8], adsorption by
activated carbon removes a broad MW spectrum congs({9,10], and advanced oxidation
processes are nonspecific and are capable of mgdiemerging contaminants and
mineralizing DBPs [11,12]. However, some proceds#ies coagulation (normally used in
conventional Water Treatment Plants sequences) atoremove easily the hydrophilic
fraction of the NOM, which was referred as respblesfor large portion of DBPs formation
(the non-humic fraction of NOM) [1]. In addition,ndy et al. [13] referred that the majority
of trihalometanes (THM) precursors are present W Kaction less than 1 kDa. NOM can
also be effectively removed by membrane procespeataly by ultrafiltration and
nanofiltration (NF). In fact, NF has been widelydied and used to remove NOM from
ground and surface water for drinking water proauct NF removes NOM by a sieving
mechanism (membrane retains compounds larger leamémbrane pore size), electrostatic
interactions (both membrane and NOM are charged)hgxrophobic interactions (between
the solute and the membrane) [14,15,16,17]. NF edsooves multivalent ions, and small
hazardous microcontaminants from the water [18,1%fe removal of NOM and DBPs
formation potential by NF membranes has been ddubjesome authors. Rubeét al. [7],
using ten different types of water, concluded tthat NOM was highly rejected by the NF
membranes and high reduction of THM precursors wétained for all water sources. They
also concluded that the estimation of MW is verypamant to the understanding of NOM
properties and water treatment process selectiteseh al. [20] evaluated NF performance
on DBPs precursors’ removal in surface water havmg-to-medium dissolved organic
carbon (DOC) and specific UV absorbance (SUVA). Tomclusions indicate rejections
above 90% of THM, but DOC and Wd4.mrejections could not be directly related with DBPs
formation reductions by the tested membranes. Hewevhellamet al. [21] concluded that
DOC and U\ssnm are excellent surrogates for aqueous DBPs for shme type of
nanofiltered water, being the NOM removal also high

The objective of the present work is the evaluabbthe NOM removals by three different
treatment sequences (one conventional and two addarand analyse the DBPs formation
potential of those sequences by HPSEC. The thrgeesees analysed were: conventional



sequence — pre-ozonationgjOcoagulation/flocculation/ sedimentation (C/FMA8)ration and
disinfection; and two advance sequences,-GIF/S and NF, and{and NF.

MATERIALSAND METHODS

Experiment set-up

Three water treatment sequences were analysedotiventional sequence from Alcantarilha
Water Treatment Plant (WTP), and two advanced semse one constituted by pre-
ozonation (@ and NF and another constituted by O/F/S and NF. The treatment sequences
studied are presented in Figure 1.
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Figure 1. Conventional treatmerersus advanced treatment: different steps in water
treatment. Conventional treatment constituted by @/F/S + filtration + chlorination.
Advanced treatment constituted by: (1) ONF; (2) Q + C/F/S + NF.

Alcantarilha WTP pumps its raw water (RW) from Foaaeservoir in Algarve, southern
Portugal. This WTP was designed to treat up to *&srby conventional treatment (pre-
ozonation, C/F/S, rapid sand filtration (Filt.) actdorination).

NF experiments were made in a laboratory unit ugsifd20 plate and frame unit, from Alfa
Laval (membrane area of 0.036F op t00.720 nf; maximum pressure 80 bar; maximum
flow 18 L/min and constant temperature maintaingdilheat exchanger). Experiments were
made in recirculation mode during approximately hO8f operation. In these runs, permeate
and retentate were recycled to the feed tank.dnGh+ NF sequence, ozonated water (OW)
from Alcantariiha WTP (after pre-ozonation) was tfeed water of NF and in the
O3 + C/FIS + NF sequence, the feed water was decavasel (DW) of Alcantarilha WTP
(after C/F/S). Samples were analysed in the beggand final of each sequence.

Membranes

The membrane used in permeation experiments wa® b Alfa Laval. In this study the
membrane area was 0.0728 (four flat sheet membranes). The NF99 membraree thsin
film composite NF membrane of polypiperazine amodea polysulfone microporous support
and a polyester support, with an hydraulic pernigptif 8.39 kg/(hm?bar) at 25°C and a
molecular weight cut-off of 153 g/mol.

HPSEC analysis

The HPSEC system includes a high-pressure gradpemip (Dionex Summit), an
autosampler (ASI-100), a column thermostat (STH}58%hoto diode-array detector (PDA-



100) and a chromatography interface (UCI-100). R@M size separation was used a TSK
G3000SW,. column (30 cm x 7.8 mm ID) protected by a TSK gWuard column (4.0 cm x
6.0 mm ID) (Tosoh Biosciences, GmbH). TSK gel pagks silica-modified with hydrophilic
diol groups and separation range 1-35 kDa (polyettey glycol). The flow rate used was
1 mL/min, injection volume 100 pL and analysis timas 17 minutes with UV detection at
254 nm. The mobile phase used was sodium acet&®htM (the pH was adjusted to 7.0
using acetic acid from Merck). This solution wascwam-filtered through a 0.2 pm
hydrophilic polypropylene membrane filter (Pall @oration). Sodium polystyrene sulfonates
(PSS) standards (MW of 17000, 6800 and 4300 Da&é@yjuand acetone (58 Da (Merck))
were used as standards. All standards were preparelsdromatographic mobile phase at a
concentration of 1 mg/mL. MW was calculated byreedir calibration curve {r> 0.99). The
number-averaged (N1and weight-averaged (WM molecular weights were determined using
equations (1) and (2) proposed by Yaal. [22].
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whereh; is the height of the curve eluted at tHeetention time (R} and M is the molecular
weight of some solute at th& retention time (RY. The ratio M,/M,, corresponds to the
polydispersivity p) of the sample and is a measure of the sampledyeteeity p = 1 for
homogeneous polymers) [5].

Analytical methods

Several analytical methods were used to charaeteriOM, namely dissolved organic
carbon (DOC), UV absorbance at 254nm kv and specific UV absorbance (SUVA =
UV2s4nm/ DOC). SUVA indicates the relative aromaticity @OC. High SUVA waters are
generally enriched in hydrophobic NOM, such as lumibstances. Therefore, SUVA
indicates aromatic compounds in the DOC and camsbd to estimate the chemical nature of
the DOC [23]. Water industry also uses SUVA as @aogate parameter to monitor DBPs
precursors [24].

All samples were filtered through a pre-rinsed O ® polycarbonate membrane filter
(Aquatron CA, 30 mm) and analysed in the same dayifaot possible, the day after
collection. Samples were cooled at 4 °C.

The concentration of DOC was measured using Shima@xC-5000A analyzer, which was
calibrated with potassium hydrogen phthalate stafsdat concentrations that ranged 1-10 mg
of C/L. UV absorption was acquired at 254 nm witBeckman DU 640B spectrophotometer,
in a 1 cm quartz cuvette. Samples were also aralfggepH (at 20°C, using a Crison pH-
Meter BASIC 20+), conductivity (Crison GLP 32 comtimeter), and turbidity (HACH
2100N Turbidimeter) using standard methods of aas25].



RESULTSAND DISCUSSION

Table 1 summarizes water quality parameters fordtweand treated waters.

Table 1.Water quality parameters for raw and treated watpatysed.

Water sample pH Conductivity DOC UV 540m SUVA
(uS/cm) (mgC/L)  (cm™) (L/m.mg)
Raw water 7.30 610 1.31 0.013 0.99

Treated water by:
Conventional sequence

Q+C/F/IS+Filt.+G 7.68 630 0.86 0.005 0.58
Advanced sequences:

Q + NF 8.12 172 0.72 0.002 0.28

Q + C/FIS + NF 7.56 96.3 0.62 0.001 0.16

Table 1 indicates the characteristics of the typiaev water from Alcantarilha WTP, during
the period analysed (2008). This water is a hartenvdargely composed of non-humic
materials (SUVA value is less than 2-3 L/(m.mg)he torganic matter is relatively
hydrophilic, less aromatic, and of a lower molecwl@ight compared to waters with higher
SUVA values [26]. This water should be more diffictio treat by coagulation than
hydrophobic waters, since coagulation preferegtieéimoves hydrophobic compounds and
the hydrophilic fraction is considered least amémab remove by coagulation [4, 20,27]. In
addition, the DBPs formation is normally correlatgdh the high DOC concentration and
high SUVA values (> 3 L/(m.mg) [26]), despite Ruleiaal. [7] obtained that lower SUVA
waters show a great DBPs formation potential reggtand Fabrist al. [27] concluded that
further improvement in DBP reduction requires tneatts that target the removal of LMW
compounds.

All treatment sequences reduced the DOC contewvaltees below 1 mg C/L and the Wnm
values, from which minimal DBPs formation potentiaby be expected [28]. However, as
expected, sequences with NF are more efficient tinconventional sequence for the
removal of NOM parameters. Coagulation is moreatiife for the removal of high SUVA
waters due to their hydrophobicity and aromatidityis fraction has the majority of the
charged carboxylic acids). Therefore, the NOM oé thtudied low SUVA water is
preferentially removed by membrane. Difference®N®M parameters of the treated waters
between the two advanced sequences are attribwutde fouling associated to NF operation
time (J100 h). However, these differences are not sicgmifi because of the low Uy,mand
SUVA values of the treated waters when both se@geifconventional and advanced) are
compared.

The fractionation of NOM by HPSEC into differenadtions allows NOM characterization of
natural water, which is important in water monitgy;i not only to determine the effectiveness
of the treatment process, but also to analyse #fiigict on treatment and disinfection.

MWs were classified into three different groups dsh®n their sizes: low MW (LMW),
intermediate MW (IMW) and high MW (HMW). These MViése associated with the peaks
presented in the chromatograms obtained by HPSE&ksPI and Il represent high MW
compounds, peak lll represents intermediate MW, BhdV and VI represent low MW
compounds. The sizes that define the differentdygdeMW are presented in Table 2.



Table 2. Classes of molecular weight distribution.

Size Limits (MW in PSS equivalents) Peaks
HMW HMW = 1000 I and Il
IMW 1000<IMW<350 1
LMW LMW < 350 IV, Vand IV

The MW distribution of the raw and treated watefshe three sequences is compared in

Figure 2. The weight average {Mand the number average (Mnolecular weights of treated
waters are presented in Table 3.
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Figure 2. Molecular weight distribution and relatiarea for: (a) raw water, and (b) treated
waters by conventional sequence OC/F/S + Filt + CJ) and advanced sequences ¢CONF
and Q + C/F/S + NF).

Table 3. Weight average (fland the number average {(Mnolecular weights and
polydispersityp) of the treated waters.

. Advanced treatment
NOM Conventional treatment 05+ NF O, + CIF/S+ NF
fractions

Mw Mn P Mw Mn P Mw Mn P
I 1649 1636 1.01 - - - - - -
Il 1127 1109 1.02 1091 1078 1.01 1321 1255 1.05
IMW Il 648 625 1.04 657 634 1.04 641 623 1.03
v 338 333 1.02 337 328 1.03 327 316 1.04
LMW V 221 220 1.00 212 211 1.01 215 214  1.00
VI 182 181 1.01 170 170 1.00 177 176 1.01

HMW




The MW is higher in raw water than in treated watelespite the sequence used (Figure 2).
Raw water has molecular size fractions of HMW (FFeggRa), whereas in treated waters HMW
fractions are undetectable or in small amountsufiei®b, Table 3). Treated waters have the
dominant fractions in the smaller molecular sizacfions (IV, V and VI, Figure 2b). The
small polydispersity indicates high NOM homogenéityhe samples analysed (Table 3).

These results indicate that conventional and adtreatments remove large molecules, and
the smaller molecules, the more hydrophilic, arssleetained. However, between
conventional and advanced sequences there are tanpdalifferences: in the conventional
sequence the largest molecular size fractionss(present in treated water and the relative
area of the IMW factions (lll) are higher, wheréasadvanced sequences LMW compounds
(IvV, V and VI) have the highest relative area ipatied water (Figure 2b). Conventional
treatment is not capable of removing so well siWIcompounds and the relatively amount
of LMW compounds is lower than in treated watead¥anced sequences. Most of the HMW
compounds are removed by coagulation as alreadyreef [20,27]. Membrane filtration
improved the removal of all fractions. The relatarea of hydrophilic compounds is higher in
treated water compared with the hydrophobic com@surThis means that membrane
filtration is more efficient in removing the HMW diMW compounds than the conventional
sequence, despite the hydrophilic fraction of NOM lbss rejected than the hydrophobic
fraction and less influenced on permeate flux [@P,& is common to associate the increase
in negative charge and the increase of hydroptylwith the decrease of adsorptive fouling
by NOM [14,29,30]. NF rejects NOM by a combinatioh size exclusion and physical-
chemical interactions as electrostatic repulsiod adsorption [31,32]. In addition, the low
membrane cut-off (153 g/mol) indicates that the amiaf the LMW should be very low.
This can be seen by the SUVA values of the treatatér (Table 1). In fact, the very low
SUVA values of the treated waters from advancedieseces compared with the values of
conventional sequence (0.28 and 0.16 L/(m.wg)0.58 L/(m.mg), Table 1), with high
removal efficiencies, indicate that for these segee the DBPs formation is minimised.
Similar results were obtained by Ruletal. [7].

Comparing advanced sequences, there are no sagnifdifferences, since both sequences
have higher amount of LMW compounds (Figure 3). dogr, Q + NF sequence has a
higher relative amount of peak 1V, which could l&ilauted to the time of operation of the
NF (0100 h). The permeation flux of the sequenge-r@IF had a decrease during the time of
operation, being the permeation flux of the © C/F/S + NF almost constant during this
period (data not shown). The permeate quality t@ctavater) slightly reflects this small
difference in both advanced sequences (Table 1).

Fabriset al. [27] analysed the correlations between the MW @r@dTHM formation. They
concluded that a correlation exists between the HRWics and the THM formation, and
after coagulation the correlation shift to the LMWélecules that are less effectively removed
by coagulation. Based on these conclusions, comraittreatment removed the HMW
fractions (Figure 2b), then the DBPs formation Isoaeduced by this treatment. However,
using NF, the DBPs formation potential is less tlmarconventional treatment, since the
HMW and IMW fractions were significantly reducedulfta et al. [7] concluded that the
reactive NOM for THM formation was still included the NF permeate in their experiments
and appropriate membrane selection and operatinglittans for DBPs reduction is
important.



CONCLUSIONS

The results demonstrate that, for the type of ratewanalysed (hydrophilic with low DOC
content), both treatment sequences (conventiondl amvanced) remove higher MW
compounds. However, the sequences with NF haveghehipercentage of low MW
compounds in treated water, when compared with tthated water from conventional
sequence. As high MW compounds are very importdBPPprecursors, the water from NF
sequences will have lower DBPs formation potenticause of membrane cut-off and
electrostatic interactions between the membrangfa®OM. In addition, the determination
of the MW is very important since it leads to thedarstanding of the physical and chemical
properties of NOM and the selection of the adeqtrasment process.
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