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a  b  s  t  r  a  c  t

Nanofiltration  is  an  attractive  technology  for  the  production  of  drinking  water  from  surface  water.  How-
ever,  membrane  fouling,  mainly  caused  by  natural  organic  matter,  increases  the  costs  and  limits  the  water
recovery.  In  this  study,  it was investigated  whether  the  decomposition  of  natural  organic  matter  in  the
concentrate  stream  by O3, has  a positive  effect  on the  membrane  flux  of  four  nanofiltration  membranes
(NF  90,  NF  270,  Desal  51, NF-PES  10).  The  results  show  that  O oxidation  causes  a  significant  alleviation
eywords:
anofiltration
atural organic matter
embrane fouling

3

of  membrane  fouling  for  all investigated  membranes.  This  is caused  by  the  selective  removal  of  unsat-
urated  bonds  and  hydrophobic  components  in  the  dissolved  organic  matter,  and  by  the  decomposition
of  molecular  chains  into  smaller  fragments  by  O3.  However,  the  chemical  oxygen  demand  could  not  be
reduced  by  more  than  20%.  The  performance  of  O3 +  H2O2 was  only  slightly  superior  to  O3 alone,  using
zone
dvanced oxidation

an  identical  O3 dose.

. Introduction

Nanofiltration (NF) is an effective and reliable method for the
ombined removal of a broad range of pollutants in surface water,
uch as natural organic matter (NOM) and micropollutants. This
akes NF an appropriate technology for the production of drink-

ng water from surface water. However, fouling of the membranes
esults in a reduction in water flux, which leads to higher treat-
ent costs. Membrane fouling also limits the water recovery, i.e.

he ratio of permeate to feed stream, to values of about 80% in the
rinking water industry [1].  The remaining fraction, i.e. the con-
entrate stream, is usually discharged into the surface water [1].  As
roblems with water scarcity are expected to grow worse in the
oming decades, it cannot be tolerated that 20% of the feed water is
asted. Therefore, this article investigates whether the treatment

f the concentrate stream by O3 oxidation can improve the water
ux, so that the concentrate stream can further be filtered at an
cceptable cost.

Different types of chemical and physical interactions between

OM and the membrane surface, such as hydrophobic interactions,
ydrogen bridges and electrostatic interactions, together with the
olecular size of NOM, determine the fouling potential of NOM
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[2,3]. Humic substances are severe membrane foulants, because
they can easily adsorb onto the membrane surface by hydrophobic
interactions. Nilson and DiGiano [4] reported that the hydropho-
bic fraction of NOM in surface water caused almost all fouling of a
polysulfone NF membrane, while the hydrophilic fraction showed
less fouling. It is also widely acknowledged that hydrophobic mem-
branes have a higher tendency to foul than hydrophilic membranes.
For example, Lapointe et al. [5] reported that protein fouling is more
severe when using a more hydrophobic NF membrane. The molecu-
lar mass of NOM is important to membrane fouling as well, because
components with a high molecular mass that are retained by the
membrane, have a small back diffusion rate during cross-flow filtra-
tion, so that a thicker cake or gel layer is formed on the membrane
surface [6].  Membrane fouling also depends on electrostatic inter-
actions between certain functional groups in NOM molecules and
the membrane surface. For example, Shao et al. [7] observed a lower
flux decline when humic acids were filtered by a charged regener-
ated cellulose membrane, in comparison to a neutral membrane of
the same material.

O3 oxidation is chosen for the alleviation of organic fouling
of NF concentrates, because it is a powerful oxidant that reacts
selectively with unsaturated bonds [8,9], such as the conjugated
bonds in aromatic rings. The hydrophobic interactions between
these aromatic groups and the membrane surface can cause severe

membrane fouling, as stated above. Fluorescence spectra of NOM,
taken by Zhang et al. [10], revealed the reduction of the number
of aromatic rings and conjugated bonds, and the decomposition
of condensed aromatic moieties to smaller molecules during O3
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xidation. The number of carbonyl, hydroxyl, alkoxyl, amino and
arboxyl groups increased. In other words, O3 oxidation is able
o react with the hydrophobic part of NOM, i.e. aromatic rings
n humic substances, and transforms these functional groups into

ore hydrophilic groups. Jansen et al. [11] investigated the molecu-
ar mass distribution of humic substances during O3 oxidation. They
emonstrated that the humic substances were reduced in size, and
hat no random splitting of the humic molecules occurred, but small

olecular fragments were split off from the periphery of the larger
umic molecules, while their main structure remained intact.

Several researchers [12–15] investigated the effect of O3 on foul-
ng of microfiltration and ultrafiltration membranes. They showed
hat the combination of O3 pre-oxidation and membrane filtration
s effective for the prevention of membrane fouling. The membrane
erformance was highly correlated with the residual dissolved O3
oncentration in the permeate [12,13,15].  A higher membrane flux
s obtained, if the dissolved O3 concentration at the membrane sur-
ace increases, without changing the mean O3 dose (by intermittent
osing). Karnik et al. [13] and Lehman and Liu [15] showed that sta-
le membrane fluxes of more than 95% of the pure water flux can
e maintained, if the dissolved O3 concentration at the membrane
urface is higher than 0.05 mg  L−1. Thus, if the O3 dose is slightly
bove the instantaneous O3 demand of the feed water, a substantial
ecovery of the permeate flux could be observed.

There is yet no thorough study available of O3 oxidation applied
n NF or reverse osmosis (RO). In this article, it is investigated

hether the decomposition of NOM in the concentrate stream by
3, has a positive effect on the membrane flux of four commonly
sed NF membranes, and these observations are interpreted in
elation to the possible interaction mechanisms between the mem-
ranes and NOM.

. Materials and methods

.1 Preparation of the nanofiltration concentrate solutions

Surface water was taken from the Dijle river in Leuven
Belgium). The Dijle water was prefiltered by the cellulose filters

N 713 1/4 (Macherey-Nagel, Germany), S&S 595 and S&S 589/3
both from Schleicher & Schüll, Germany). These three paper fil-
rations minimized the concentration of suspended particles, with

 size higher than 2.5 �m,  in the feed solution. These paper filtra-
ions were executed to simulate the pretreatment of the feed water
n full-scale plants, e.g., the Méry-sur-Oise plant in France, where
he number of particles, larger than 1.5 �m,  passing through the

embranes were held to less than 100/mL [16].
The concentrate solution was obtained by filtering the pre-

ltered Dijle water with the NF 270 membrane (FilmTec, USA). This
as performed in a cross-flow set-up on laboratory scale, with a

ecycle loop (Amafilter, the Netherlands). The equipment consists
f two modules, containing a flat sheet membrane with an effec-
ive surface area of 41.5 cm2. The flow channel is rectangular with a
ydraulic diameter of 0.43 cm.  The total channel length is 29.3 cm.
o spacer was used. The cross-flow velocity ranged from 2.7 to
.3 m s−1. This corresponds to a Reynolds number lying between
1,400 and 14,200 (turbulent regime). In this way, concentration
olarization could be minimized. However, the cross-flow velocity

s much higher than the ones typically used in spiral-wound mod-
les in full-scale plants (0.1–0.5 m s−1) [17]. The high cross-flow
elocity did not cause any deformation of the membrane coupons.
he transmembrane pressure was kept constant at 10 bar. The tem-

erature in all experiments was maintained at 293 K (by a cooling
ater circuit). The permeate was collected in a separate tank until

 water recovery (the ratio of permeate to feed stream) of 78%
as obtained. This figure is similar to the operational conditions
ane Science 378 (2011) 128– 137 129

in full-scale NF plants, where drinking water is produced at water
recoveries between 75% and 85% [1].

2.2 Ozone experiments

Three liter solution was  kept in a glass reactor vessel, with an
inner diameter of 160 mm  and mixed by a magnetic stirrer. All
solutions were ozonated at room temperature. The O3-O2 mix-
ture was introduced from the bottom of the reactor, through a
porous fine-bubble diffuser of pyrex. The feed gas to the O3 gen-
erator OZ 500 (Fischer, USA) was  pure O2. The gas flow rate was
fixed at 60.0 L h−1 at standard temperature and pressure (STP). A
gFFOZ Process Ozone Sensor (IN USA, USA) measured the O3 con-
centration in the gas flow entering the aqueous solution, by UV
absorption (UVA) at 254 nm.  The O3 concentration in the gas phase
was  kept constant at 12.2 ± 0.4 mg  L−1. The O3 concentration in
the aqueous phase was  monitored with an electrochemical sen-
sor, i.e. Orbisphere 3660 (Orbisphere, the Netherlands). For the
O3 + H2O2 experiments, a H2O2 solution, with a concentration of
78 × 10−3 mol  L−1 (determined by the optical density of the solution
at 254 nm (17.9 L mol−1 cm−1), was added at a constant flow rate
(0.8 mL  min−1) at the bottom of the vessel, by a peristaltic pump.
The pH of the concentrate solutions ranged between 7.7 and 8.4,
and did not change appreciably during the ozonation experiments.

The pseudo Henry coefficient *HO3 and the volumetric mass
transfer coefficient, kLa, of the experimental set-up were deter-
mined as well. This was done by measuring the dissolved O3
concentration in de-ionized water at pH 7. After a lag of about
20 s, the liquid phase concentration of O3 steadily increased, until
it reached a constant value of 1.60 mg  L−1 after 380 s. The pseudo
Henry coefficient *HO3 is calculated by dividing the steady-state
O3 concentration in the aqueous phase by the O3 concentration in
the gas phase: *HO3 = 5.78 × 10−3 mol  L−1 atm−1 (pH 7, 290 K). This
value lies within the range 3–7 × 10−3 mol  L−1 atm−1, reported by
De Smedt et al. (pH between 6.5 and 7.5, 289 K) [18]. The volumetric
mass transfer coefficient, kLa, is equal to 0.0102 ± 0.0010 s−1.

2.3 Membrane fouling experiments

Filtration experiments were carried out in order to study the
effect of O3 treatment on the fouling of four commonly used NF
membranes: NF 90 and NF 270 (FilmTec, USA), Desal 51 HL (GE
Osmonics, France) and NF-PES-10 (Nadir, Germany). The main
characteristics of those membranes are shown in Table 1. NF 90 is a
thin-film composite membrane with a fully aromatic cross-linked
polyamide layer. The exact composition is not completely disclosed
[19]. The NF 90 membranes was developed by FilmTec in order to
have a high salt retention, i.e. NF 90 rejects at least 95% MgSO4 [19].

NF 270 is composed of a cross-linked semi-aromatic piperazine-
based polyamide layer [19–21] on top of a polysulfone microporous
support, reinforced with a polyester non-woven backing layer [20].
The use of piperazine stems from the fact that polyamide mem-
branes comprised of secondary amines, such as piperazine, have
a higher stability against hypochlorous acid and other oxidizing
agents [22]. The membrane is very hydrophilic (it has a low contact
angle), and it has a high negative surface charge at pH > 4, leading
to a strong repulsion of negatively charged species.

The Desal 51 HL membrane (GE Osmonics, France) has four lay-
ers, i.e. a polyester non-woven layer, an asymmetric microporous
polysulfone layer, and two  proprietary thin films, which are based
on polypiperazine-amide [19–21].  It has a comparable molecular
weight cut-off (MWCO), pure water permeability and roughness to

the NF 270 membrane. Its contact angle is smaller and it has a less
negative �-potential at neutral pH.

The NF-PES-10 membrane (Nadir, Germany) is a homoge-
neous asymmetric membrane made of polyethersulfone [23].
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Table 1
Main characteristics of the four nanofiltration membranes used in this study.

Membrane NF 90 NF 270 Desal 51 HL  NF-PES-10

Manufacturer Filmtec (Dow), Edina, USA Filmtec (Dow), Edina, USA Osmonics (GE),
Le-Mée-sur-Seine, France

Nadir, Basel, Switzerland

Composition top layer Cross-linked fully
aromatic polyamide
(see text)

Cross-linked
semi-aromatic
piperazine-based
polyamide (see text)

Cross-linked
piperazine-based
polyamide (see text)

Hydrophilic polyethersulfone
(see text)

MWCOa (g mol−1) 100 [24] 155 [24]
170 [25]
200–300b

160 [23]
190 [25]
150–300b

1200 [23,25]
1000b

pH range 2–11b 3–10b 3–9b 0–14b

Water permeability (L m−2 h−1 bar−1) 9.78 ± 1.35 14.31 ± 1.75 15.29 ± 0.92 13.27 ± 1.74
Salt  retention (pH 7)

0.05 M NaCl 92.0% 59.1% 41.8% 8.2%
0.05  M CaCl2 96.8% 70.6% 89.7% 12.6%
0.05 M Na2SO4 >98% >98% 96.3% 44.6%

Contact angle
(◦)
(sessile drop
method)

54 [24]
44.7 ± 1.9 [26]

29 [21]
27 [24]
32.6 ± 1.3 [26]

52 [21]
36.4 ± 7.7 [23]
47 [25]
27.5 ± 4.3 [26]
41 ± 2 [27]

72.1 ± 3.7 [23]
72 [25]

Roughness (10−10 m)
Scanned area

0.5 �m × 0.5 �m 108 [24] 21[24] 22 [23] 8 [23]
1  �m × 1 �m 219 [24] 28 [24] 26 [23] 13 [23]
3  �m × 3 �m 331 [24] 42 [24] 46 [23] 24 [23]
5  �m × 5 �m 388 [24]

1295 ± 234
[26]

46 [24]
90 ± 42 [26]

48 [23]
72 ± 26 [26]

27 [23]

10  �m × 10 �m – – 68 [23] 38 [23]
�-Potential (mV)

pH 4 −2 [25]; 1 [28] −2 [25] −4 [25]
pH  7 −19 [25]; −17 [28] −12 [25]; −14 [27] −14 [25]
pH  9 −37.0 [26] −41.3 [26] −26.0 [26]
pH  10 −24 [25]; −29 [28] −15 [25] −17 [25]
pH  12 −19.4 [24] −25.6 [24]
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a MWCO is the abbreviation for ‘molecular weight cut-off’. It is defined as the mo
b These data were given by the manufacturer.

he top layer of the membrane is hydrophilized by the addi-
ion of polyvinylpyrrolidon. The MWCO  of this membrane,
000–1200 g mol−1, is higher and the contact angle, thus also the
ydrophobicity, is larger than for the other investigated mem-
ranes.

Before each filtration, a new membrane was taken and washed
ith de-ionized water for 24 h, to remove the protective coating

ayer. Afterthat, the membrane was pressurized during 2 h using
e-ionized water. The pure water flux of the membrane was deter-
ined at the end of the compaction process. The untreated and

zonated concentrate streams were filtered for 40 h. The trans-
embrane pressure was kept constant, at 8 bar for the NF 90 and
esal 51 membrane, and at 10 bar for the NF 270 and NF-PES 10
embrane. The flux was measured every 15 min  during the first

wo hours of the experiment, and subsequently every two hours.
ermeate and concentrate were recycled back to the feed vessel.
ecause of the low surface area of the membranes in the cross-
ow set-up, the composition of the feed solution hardly changed
hroughout the filtration.

.4 Characteristics of the organic matter in the concentrate
olutions

The chemical oxygen demand (COD) and the optical density
t 275 nm were used as surrogate measures to detect organic
onstituents in water. COD was determined by the decrease

n chromate concentration after 2 h boiling at 148 ◦C, which

as spectrophotometrically measured with Nanocolor test tubes
Macherey-Nagel, Germany). The optical density was measured
ith a UV-1601 double beam spectrophotometer (Shimadzu,
r mass of a component of which 90% is retained by the membrane.

Japan). It is well known that �–�* electron transitions occur
between the wavelengths from approximately 270 to 280 nm.
Therefore, the application of spectrophotometric measurements
at a wavelength of 275 nm is suitable for describing aromatic car-
bon moieties [29]. The COD measurements were done in duplicate,
and the mean value was calculated. The mean difference between
two replicated COD measurements was  1.9 mg  L−1. The maximal
tolerated difference between two replicated measurements was
4 mg  L−1, which is ∼10% of the COD value of the untreated con-
centrates. The optical density of the samples was measured only
once, because of the small difference between two replicated mea-
surements, namely ∼0.0020 cm−1, which is only 1% of the optical
density value of the untreated concentrates.

The organic matter in the concentrates was separated by pas-
sage through two nonionic macroreticular resins, namely XAD 7
and XAD 4 (Rohm & Haas, USA). Before use, the resins were exten-
sively rinsed following the procedure of Thurman and Malcolm
[30]. All samples were acidified to pH 1.5 (with HNO3) before frac-
tionation. The samples were passed through a glass column with
200 mL  resin (height: 24 cm), at a constant flow rate of two  bed
volumes per hour by a peristaltic pump. It was necessary to filter
at least 200 mL  in order to obtain stable COD values for the efflu-
ent. The COD of the effluent collected between 250 and 300 mL  was
measured. The COD of the retained fraction was  calculated as the
difference between the COD of the column feed and the effluent
COD.
The relatively most hydrophobic organic acids were retained
onto the XAD 7 resin (polymethyl methacrylate), while the mod-
erately hydrophilic acids were retained onto the XAD 4 resin
(polystyrene divinylbenzene), according to their ability to sorb via
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eak van der Waals forces onto the surface of the resins, at a given
re-adjusted acidity [31]. Watt et al. [32] characterized the two
ractions by means of 13C-nuclear magnetic resonance (NMR) spec-
ra. They showed that the XAD 7 acids have a strong aromatic signal,
hile the XAD 4 acids have stronger carboxyl, aliphatic carbon and

arbohydrate signals than the XAD 7 acids.
The molecular mass distribution was measured by the optical

ensity of the permeate for six membranes, namely MP  005, UF PS
00H, UP 020, UP 010, UP 005 and NF-PES 10. All these membranes
ere purchased from Microdyn-Nadir (Germany). The UM 005
embrane is a microfiltration membrane, made of polyethersul-

one, with a mean pore size of 0.05 �m.  The other membranes are
ermanently hydrophilic polysulfone membranes, with a MWCO  of
00, 20, 10, 5 and 1 kg mol−1 respectively. The solution was filtered
or 15 min  using the Amafilter cross-flow set-up, before collecting
he permeate sample. The transmembrane pressure was kept con-
tant, at 2 bar for the MP  005 and UF PS 100H membranes, 4 bar for
he UP membranes and 10 bar for the NF-PES 10 membrane. The
raction of the organic matter with a higher molecular mass than
he MWCO  of the membrane, was calculated as 1 − (Apermeate/Afeed),
here the symbol A is used for the optical density at 275 nm.

Attenuated total reflection (ATR) and Fourier transform infrared
FTIR) spectroscopy were used to provide insight into the chemical
ature of the deposits on the NF membranes. The FTIR spectra of the

ouled membranes were recorded on an Alpha FTIR spectrometer
Bruker, Germany), equipped with a platinum diamond for single
eflection. The spectra were taken with an average of 32 scans, in
he range of 400–4000 cm−1, at a resolution of 1.43 cm−1.

. Results and discussion

.1. The oxidation of concentrate streams by O3

Filtration experiments were executed in order to investigate the
ffect of O3 treatment on the fouling of four commonly used NF
embranes (NF 90, NF 270, NF-PES 10 and Desal 51 HL). The resi-

ence time of the concentrate solution in the O3 reactor was equal
o 10 min, so that the specific O3 dose was approximately 1.0 g O3
er g COD. The results of these fouling experiments are shown in
ig. 1(a–d), where the membrane permeability for a concentrate
olution after O3 oxidation (full lines) is compared to the membrane
ermeability for the untreated concentrate solution (dashed lines).
he membrane permeability is calculated as the permeate flow rate
L) per square metre membrane (m−2), per hour (h) and per unit
ressure difference across the membrane (bar). The relative per-
eability means that the membrane permeability is divided by the

ure water permeability of the membrane in question (see Table 1),
o that a figure between 0% (no flux) and 100% (no fouling) is
btained. This makes a comparison between different membranes
r experimental conditions easier. Fig. 1 shows that the membrane
ermeabilities were in general higher if the concentrate solution
as treated with O3, compared to an untreated solution. This trend

ould be demonstrated for every investigated membrane. The aver-
ge relative permeability of the concentrate solution throughout
he filtration, increased from 73% to 88% with NF 270, from 63% to
6% with NF-PES 10, and from 69% to 77% with Desal 51 HL.

The permeability of the NF 90 membrane during filtration of
he untreated concentrate solution, was much lower compared
o the other membranes. The mean permeability throughout the
xperiment was only 23% of the pure water permeability. This is
resumably caused by the high surface roughness of this membrane

see Table 1). Colloidal particles can easily accumulate in the valleys
f rough membranes, resulting in “valley clogging” and severe flux
ecline [33]. This phenomenon was not observed after O3 oxidation
f the concentrate solution, and the mean membrane permeabil-
ane Science 378 (2011) 128– 137 131

ity increased more than three times, from 23% to 74% of the pure
water flux. For the Desal 51 membrane, the relative permeability
for the untreated concentrate was higher during the first 6 h fil-
tration, which is to be considered anomalous, because the mean
permeability over the whole filtration time is substantially higher
after O3 oxidation. In addition, this anomalous behaviour was not
observed in any other experiment.

The fouling experiments were repeated for four different con-
centrate solutions, which were prepared from surface water
collected in the period September 2010-January 2011. In this way,
seasonal variations in the composition of the Dijle water were
included in the research. However, the composition of the con-
centrate solutions was  similar, with respect to the optical density
at 275 nm (0.2168 ± 0.0378) or the COD (38.6 ± 2.9 mg  L−1). The
applied O3 doses were 24, 32, 40 and 80 mg  L−1, thus ranging
between approximately 0.4 and 2.0 mg  O3 per mg  COD. However,
the increase of the relative permeability caused by O3 oxidation
(expressed in percentage points of the pure water permeability
compared to the permeability prior to the addition of O3) was
quite similar: 17.7 ± 1.9% for the membranes NF 270, 15.5 ± 6.3%
for Desal 51 and 16.3 ± 2.8% for NF-PES 10. It was independent on
the added O3 dose. For the NF 90 membrane, the variation was
higher (30.5 ± 17.2%), but also here there was no trend visible when
changing the O3 dose. It seems that the O3 dosage can be reduced
further, without a decrease in membrane permeability. However,
the optimization of the O3 dose is beyond the scope of this article.

3.2. The chemical composition of the membrane foulants by FTIR

FTIR spectra of the membranes were taken after 40 h filtration,
in order to obtain more information about the chemical structure
of the membrane foulants. If a non-ozonated concentrate solution
was  filtered, the FTIR spectra showed similar absorption bands for
all four NF membranes. The spectrum from a NF 270 membrane is
taken as example and shown in Fig. 2(a). The spectrum has broad
overlapping bands instead of sharp absorption peaks, because of
the heterogeneity of the organic matter in natural waters. This
makes the identification of specific functional groups more difficult.
Nevertheless, several characteristic bands can be distinguished.

The small peaks between 3000 cm−1 and 2800 cm−1 are
caused by stretching vibrations of aliphatic C–H bonds in
–CH3 and –CH2 units [34–36].  The stretching of aromatic C–H
bonds between 3000 and 3100 cm−1 could not be detected
[34–36]. The spectrum contains several strong absorption peaks
at wavenumbers smaller than 1700 cm−1. The region between
1500 and 1700 cm−1 can be attributed to stretching vibrations
of carboxylate ions (1580–1630 cm−1) [37], the N–H stretch-
ing (amide I) (1550–1570 cm−1) and C O stretching (amide
II) (1690–1650 cm−1) of amide groups [36]. Absorption in the
bands 1600–1660 cm−1 and 1500–1520 cm−1 results from the C C
stretching in aromatic rings [38,39].  The presence of aromatic
groups can also be shown by the peaks at 725 and 875 cm−1, which
are attributed to aromatic C–H bonds [34]. The broad absorption
band between 1250 and 1500 cm−1 is caused by the deformation
of aliphatic C–H bonds and O–H bending vibrations of carboxylic
acids [36]. The small absorption peak at 1240 cm−1 is attributed to
aromatic ring –O– aromatic ring stretching vibrations [17].

Strong absorption bands at 1000–1150 cm−1 can be due to at
least two different functional groups, i.e. C–O bonds in alcohols and
ethers or Si–O bonds [34]. Cho et al. [40] attributed FTIR absorption
in this region to polysaccharides or polysaccharide-like membrane
foulants, but it can also be caused by silicates. Examination of

other regions of the spectrum can clarify whether the foulants
are polysaccharides or silicates. Polysaccharides contain a signifi-
cant number of hydroxyl groups, which exhibit an absorption band
around 3300 cm−1 [35,41]. This absorption band has typically the
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F-PES  10); Reynolds number: 11,400–14,200 (turbulent flow regime). Ozonation
ime:  10 min; ∼1.0 g O3 per g COD; pH: 7.7–8.4.

orm of a very broad round hill [42], and is visible in Fig. 2(b). Alu-
inium silicate absorbs at 3620 cm−1 and 3696 cm−1 and very few

rganic materials absorb in this region. The absence of those two
eaks in Fig. 2(a) and (b) shows that not silicate, but polysaccharide-

ike compounds foul the membrane.
The FTIR spectrum of the membrane fouled by an ozonated con-

entrate solution is shown in Fig. 2(b). It is remarkable that most
f the sharp absorption peaks of the virgin membrane (shown
n Fig. 2(c) [9]) are now again visible: the peaks at 1487, 1503
nd 1584 cm−1 correspond to aromatic in-plane ring bend stretch-
ng vibrations of polysulfone [43], the two peaks in the band
290–1320 cm−1 are attributed to aromatic amines [35], and the
eak around 1150 cm−1 is caused by symmetric SO2 stretching
ibrations of sulfone groups [43]. This indicates that the thickness
f the fouling layer is much lower if O3 oxidation is applied before
ltration. The reflected IR beam in the ATR technique, which has

 penetration depth below 1 �m [44], can now reach the support
ayer of the membrane. This was affirmed by visual inspection of
he membranes. The membrane that filtered the ozonated concen-
rate showed a clearer membrane surface with only minor NOM
ccumulation around the membrane, compared to the membrane
ouled by the untreated concentrate.

There are also other remarkable differences with the spectrum

btained by filtration of the untreated concentrate. First, there is

 clearly visible band between 1600 and 1730 cm−1. This band is
ttributed to the stretching of C O bonds in carbonyl and carboxyl
roups [34–37].  Second, there is a broad absorption band visible
tions: batch reactor (3 L); gas flow: 60.0 L h−1, 12.2 ± 0.4 g O3 m−3 (STP); oxidation

around 3300 cm−1. This could be caused by free and H-bonded
stretching vibrations from COOH, N–H or aliphatic and aromatic
alcohol groups [35,41]. This absorption band must partly origi-
nate from the membrane foulants instead of the membrane itself,
because the area under this peak was  much higher than at the FTIR
spectrum of the virgin membrane, shown in Fig. 2(c) [9].  These two
observations are not unexpected, because it is well-known that
molecular O3 transforms reactive sites in the NOM into aldehydic,
ketonic and especially carboxylic groups [8,45].

3.3. Mechanisms of the alleviation of membrane fouling by O3

NOM fouling is attributed to the accumulation of molecules
retained on the membrane surface, forming a cake or gel layer, and
the adsorption of non-retained molecules in the inner pores of the
membrane, leading to constriction and blocking of those pores [46].
The fouling potential of NOM is defined by different types of chem-
ical and physical interactions between NOM and the membrane
surface, such as hydrophobicity, charge, size and conformation of
the NOM molecules [2,3].

3.3.1. Hydrophobic interactions
Hydrophobic interactions occur because non-polar molecules
tend to cluster together in an aqueous environment. In this way,
the aromatic rings present in NOM can adsorb to polymeric mem-
branes, in order to provide a large van der Waals stabilization.
The presence of conjugated aromatic rings in the solution can be
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Fig. 2. FTIR spectra of fouled NF 270 membranes, before (a) and after (b) O3 oxida-
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Fig. 3. Optical density at 275 nm during O3 oxidation (full line) and O3 + H2O2

oxidation (dashed line) of NF concentrate solutions. Batch reactor (3 L); gas flow:
−1 −3

that no O3 could be detected in the bulk of the liquid phase dur-
ing the first 28 min  of the experiment. All O3 that is introduced
into the reactor during this period, is consumed instantaneously.
ion. Experimental conditions are found in the caption of Fig. 1. The spectrum of a
lean membrane is included as well (c).

etected by measurement of the optical density at 275 nm.  There-
ore, the decomposition of the organic matter in the concentrate
olutions by O3 was studied in terms of the optical density and
ompared with the decomposition of the COD, which is a measure
or the total concentration of organic solutes.

The optical density and the COD are shown as a function of
xidation time in Figs. 3 and 4, respectively. The optical density
ecreases by almost 50% in the first 10 min  of the experiment. How-
ver, the removal rate slows down at longer oxidation times. For
xample, the initial optical density is reduced by 63% after 20 min,
y 68% after 30 min  and by 73% after 40 min. The decline in COD

s smaller: a COD reduction between 19% and 25% is achieved
fter 30 min  and it remains roughly unchanged afterwards. The
rop in optical density is higher than the drop in COD during
he whole experiment. The stronger decrease for the optical den-

ity is explained by the selective reaction of O3 with unsaturated
onds. O3 transforms these unsaturated bonds into oxygenated sat-
rated bonds, such as aldehydic, ketonic and especially carboxylic
60.0 L h , 12.2 ± 0.4 g O3 m (STP); pH = 7.7–8.4. In the O3 + H2O2 experiments,
H2O2 was added from ten minutes on, at a constant flow rate (0.228 mol  H2O2 per
mol  O3 gas injected).

groups [8,47].  However, these saturated reaction products typically
react very inefficiently with O3, so they are not further mineral-
ized into CO2 and H2O, which explains the difficulties to achieve
an extensive COD removal with O3 oxidation. The experiments
were repeated three times, with different concentrate solutions,
in order to investigate the effect of seasonal variations in the Dijle
water. The mean initial value of the optical density and the COD was
0.222 ± 0.008 cm−1 and 43.7 ± 2.2 mg L−1, respectively. The varia-
tion in the decrease of the optical density was  small, with an average
of 4%. The variation in COD is also small and can be assessed by the
error bars in Fig. 4.

The evolution of the optical density was related to the course
of the dissolved O3 concentration. The dissolved O3 concentration
is shown as a function of oxidation time in Fig. 5. The curve shows
Fig. 4. Chemical oxygen demand (COD) during O3 oxidation of NF concentrate solu-
tions. Batch reactor (3 L); gas flow: 60.0 L h−1, 12.2 ± 0.4 g O3 m−3 (STP); pH = 7.7–8.4.



134 S. Van Geluwe et al. / Journal of Membrane Science 378 (2011) 128– 137

F
B

T
t
m
b
o
c
1
i
t
H
g
a
t
s
a
m
o
b
d
9

a
N
b
7
a
t
r
o
3
d
t
t
f
T
d

3

t
f
[
c

Fig. 6. Molecular mass distribution of the organic matter before (shaded bars) and
ig. 5. Dissolved O3 concentration during O3 oxidation of NF concentrate solutions.
atch reactor (3 L); gas flow: 60.0 L h−1, 12.2 ± 0.4 g O3 m−3 (STP); pH = 7.7–8.4.

he absence of dissolved O3 in the treated concentrate is advan-
ageous, because the concentrate stream can now be fed to the

embrane module, without possible degradation of the membrane
y O3. After this period, a threshold is reached that marks the onset
f an increase of the aqueous O3 concentration, until a stable con-
entration is reached. This stable concentration is reached after
15 min  and corresponds to the pseudo Henry plateau. This period

s considerably longer than in pure water solutions, where the solu-
ion is saturated with O3 after 6 min. The achievement of the pseudo
enry plateau indicates that O3 has decomposed all the functional
roups that can easily be oxidized by O3. The functional groups that
re easily oxidized by O3 are unsaturated bonds, and their concen-
ration can be measured by the optical density at 275 nm. It can be
een in Fig. 3 that the decrease of the optical density slows down,
fter a sharp decrease at the beginning of the experiment. At the
oment where O3 starts to accumulate in the liquid phase, the

ptical density is reduced by ∼70% and it remains at an almost sta-
le value. When the pseudo Henry plateau is reached, the optical
ensity does not decrease anymore, and is at that point reduced by
0% (data not shown).

The selective removal of unsaturated compounds will have
 positive effect on the removal of hydrophobic groups in the
OM. The decomposition of hydrophobic components by O3 can
e shown by passage of the concentrate solution through the XAD

 and XAD 4 resins. The concentration of the hydrophobic XAD 7
cids and the moderately hydrophilic XAD 4 acids before O3 oxida-
ion was 21.8 ± 2.0 mg  L−1 and 5.9 ± 1.6 mg  L−1 respectively, which
epresents 52% and 14% of the total COD value. After 20 min  O3
xidation, the concentration of hydrophobic acids plummeted to
.1 ± 0.6 mg  L−1, which is only 10% of the total COD. The dramatic
rop in the hydrophobic COD caused an increase of the concen-
ration of moderately hydrophobic acids, from 5.9 ± 1.6 mg  L−1

o 11.7 ± 1.1 L−1, and the hydrophilic COD, i.e. the remaining
raction, that raised from 14.3 ± 3.0 mg  L−1 to 17.8 ± 1.5 mg  L−1.
he hydrophobic COD decreases by 86%, while the overall COD
ecreases by only 22%.

.3.2. Molecular mass
The molecular mass of the NOM components is an important fac-
or affecting membrane fouling, because the high molecular mass
raction has a small back diffusion rate during cross-flow filtration
6].  The molecular mass distribution was measured by the opti-
al density (275 nm)  of the permeates for six membranes with a
after (dotted bars) O3 oxidation. Experimental conditions can be found in the caption
of  Fig. 1. The particles fraction is the fraction retained by a membrane with a nominal
pore size of 0.05 �m.

different nominal MWCO. The results are shown for the concen-
trate solution, before and after O3 oxidation (treated for 10 min,
∼1.0 g O3 per g COD), in Fig. 6. The percentages of particles (nomi-
nal size above 0.05 �m)  increases after O3 oxidation. However, the
optical density of this fraction stayed quite stable (0.0184 versus
0.0190 cm−1). O3 oxidation is thus not able to reduce the concen-
tration of organic particles. The optical density of the dissolved
fraction with a molecular mass higher than 100 kg mol−1, was  lower
than the detection limit of the spectrophotometer (0.0020 cm−1).
The fraction with a molecular mass between 10 and 100 kg mol−1

represented 41% of the optical density before O3 oxidation, and
this reduced to 29% after O3 oxidation. The fraction with a molec-
ular mass lower than 10 kg mol−1 remains stable at about 50%.
This shows that O3 oxidation results in a decomposition of NOM
components between 10 and 100 kg mol−1, while the accumula-
tion and removal of compounds with a molecular mass lower than
10 kg mol−1 occurred at about the same rate. However, the effect
of O3 oxidation on the molecular mass distribution is small com-
pared to its effect on the hydrophobic COD and the optical density
at 275 nm.

3.3.3. Electrostatic interactions
NF membranes contain functional groups that can be charged,

depending on the pH of the solution in contact with the mem-
brane. Typically, NF membranes are negatively charged at neutral
pH, with the iso-electric point around pH 3–4 [48]. As stated previ-
ously by Zhang et al. [10], the number of carbonyl and carboxyl
groups present in the NOM increases during O3 oxidation. Car-
bonyl compounds carry a negative charge at neutral pH, which is
repulsed by the negatively charged membrane. The increase of the
absorbance in the regions 1600–1730 cm−1 and 3000–3600 cm−1

of the FTIR spectrum after O3 oxidation (see Fig. 2(b)) suggests that
carboxylic groups can overcome the electrostatic repulsions, by
forming strong hydrogen bridges with the polyamide membrane
surface. Nonetheless, the thickness of the cake layer on the mem-

brane surface was  lower if the concentrate stream was  oxidized
(see subsection 3.2). The lower fouling tendency of the ozonated
water, demonstrated by the permeate fluxes shown in Fig. 1, is
undoubtedly caused by the efficient decomposition of hydropho-
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ig. 7. Optical density (275 nm)  of the permeate for four membranes, before (shaded
ars) and after (dotted bars) O3 oxidation. Experimental conditions can be found in
he caption of Fig. 1.

ic groups, that makes their adsorption onto the membrane surface
ore difficult.

.4. Permeate quality

Due to the fact that O3 is able to decompose organic molecules
nto smaller fragments, it is possible that the retention of the
rganic matter by NF membranes is lower after O3 oxidation.
his is of course undesired, because this lowers the quality of the
roduced drinking water. Therefore, the retention of the organic
atter during filtration of the ozonated concentrate solutions has
een investigated as well. Permeates were collected at the end of
he fouling experiments for the four NF membranes. Figs. 7 and 8
ive the results for the concentrate solution before and after O3
xidation (treated for 10 min, ∼1 g O3 per g COD). Fig. 7 shows that

ig. 8. Chemical oxygen demand (COD) of the permeate for four membranes, before
shaded bars) and after (dotted bars) O3 oxidation. Experimental conditions can be
ound in the caption of Fig. 1.
ane Science 378 (2011) 128– 137 135

the optical density of the permeates of all membranes was  lower
after O3 treatment. This is mainly caused by the strong decrease
of the optical density after O3 oxidation (55%). The low molec-
ular mass compounds after O3 treatment are mainly saturated
compounds, and they are preferably measured by COD instead
of UV absorption. Therefore, the COD of the permeates is given
in Fig. 8. For the Desal 51 membrane, the permeate CODs were
lower than the detection limit (2 mg  L−1). The data for the other
membranes demonstrates that the COD values remain quite stable
before and after O3 treatment. There need thus to be no con-
cern that the reaction products with a low molecular mass will
pass through the membrane and deteriorate the quality of the
drinking water.

3.5. The addition of H2O2

As previously shown in Fig. 4, it is difficult to achieve a large
COD reduction of the organic matter with O3 oxidation. The low
mineralization efficiency is explained by the formation of satu-
rated reaction products that react typically very inefficiently with
molecular O3, so they are not further mineralized into CO2 and
H2O. Therefore, it was  investigated whether the formation of •OH
radicals enhances the mineralization of these O3-resistant reac-
tion products. The •OH radicals are non-selective oxidants, which
react very fast with the vast majority of inorganic and organic com-
pounds in water [8].  The formation of •OH  is enhanced by the
addition of H2O2 to the solution during O3 oxidation. The conju-
gated base of H2O2, HO2

−, initiates O3 decomposition by electron
transfer, through a reaction that can be written as [49]:

O3 + HO2
− → •OH + •O2

− + O2(k = 2.8 × 106 M−1 s−1)

The simultaneous addition of O3 and H2O2 to the solution is also
referred to as perozonation.

OH reacts rather unselectively, and thus only a small fraction
of these radicals reacts with the target pollutant, which consider-
ably reduces its efficiency. In addition, the higher formation rate of
•OH is at the cost of a higher O3 consumption [8].  Therefore, it is
chosen to add no H2O2 during the first 10 min  of the O3 treatment.
H2O2 was  added throughout the subsequent treatment, at a con-
stant flow rate of 0.228 mol  H2O2 per mol  O3 gas injected. This ratio
was  chosen because it gave the best results in our previous work
on the ozonation of natural humic acids [9].

The experiments were repeated three times, with different con-
centrate solutions, in order to investigate the effect of seasonal
variations in the Dijle water. The reductions in COD and optical
density during perozonation were compared to those obtained dur-
ing ozonation alone. Fig. 3 shows that the reduction of the optical
density is higher in the case of perozonation (dashed lines) com-
pared to pure ozonation (full lines), for a concentrate solution
with the same composition. The difference between the two lines
becomes more importan at higher oxidation times. After 40 min,
decrease of the optical density increases from 73% to 80%. It was
difficult to compare O3 and O3 + H2O2 treatments on their effi-
ciency for COD removal. The possible effect of the H2O2 addition
was  masked by the interference of H2O2 on the COD measure-
ments. The effect was in any case smaller than the magnitude of
the error bars on the COD measurements (see Fig. 4). Through-
out the perozonation experiment, no O3 could be detected in
the bulk of the solution. H2O2 was thus able to decompose the
dissolved O3 completely.
4. Conclusion

The results of this study show that O3 oxidation allows a
significant alleviation of membrane fouling for all investigated



1 embr

m
b
s
a
i
u
m
s
F
g
m
d
n
i
e
o

A

t
d
f
a
a

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

36 S. Van Geluwe et al. / Journal of M

embranes. This is caused by the selective removal of hydropho-
ic components and the decomposition of molecular chains into
maller fragments. The optical density at 275 nm decreased by 60%
nd the hydrophobic COD by 86% after 20 min  oxidation time. This
s expected because O3 mainly degrades compounds containing
nsaturated bonds. These compounds are transformed into lower
olecular mass molecules, containing mainly saturated bonds,

uch as carbonyl groups, which are much less reactive towards O3.
TIR spectra could prove the increase in the number of carboxyl
roups after O3 oxidation. Although O3 decomposes the organic
atter into smaller fragments, the permeate quality after O3 oxi-

ation can be presumed to be constant. However, the COD could
ot be reduced by more than 20%. For that reason, it was  checked

f the addition of H2O2 in combination with O3 had a positive
ffect on the optical density or COD removal, but the effect was
nly minor.
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