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Abstract

This research investigated the application of H2O2/UV oxidation for source water pretreatment, and membrane cleaning to improve the
performance of nanofiltration processes. It further examined the nature and mechanisms of membrane fouling by natural organic matter
(NOM), and membrane cleaning using different chemical agents, by employing several surface characterization techniques. These techniques
included attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR), X-ray photoelectron spectroscopy (XPS), atomic
force microscopy (AFM), and scanning electron microscopy (SEM). The study revealed that significant improvement could be achieved
in the efficiency and economics of nanofiltration for removing NOM and synthetic organic chemicals (SOCs) by employing source water
pretreatment and membrane cleaning strategies. The H2O2/UV oxidation of source water prior to nanofiltration showed potential for the
following: (i) mitigation of flux decline due to membrane fouling, (ii) removal of the pesticide alachlor and hydrogen sulfide, and (iii)
improvement in membrane cleanability. Nonetheless, careful control of the preoxidation conditions was exercised to arrive at a reasonable
compromise between fouling mitigation and NOM rejection.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Membrane technologies can be competitive in terms
of efficiency and economics for water treatment applica-
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tions, owing to their ability to remove a broad spectrum
of organic and inorganic contaminants and pathogenic
microorganisms. However, a factor that significantly af-
fects their overall performance and economics is permeate
flux deterioration caused by restricted membrane trans-
port due to fouling problems. Membrane fouling due to
natural organic matter (NOM), exemplified by humic sub-
stances, polysaccharides, and proteins, is a major cause
for flux decline [1–3]. Therefore, this article addresses
certain important aspects of controlling permeate flux de-
cline, namely, source water pretreatment for destruction or
transformation of NOM, and membrane cleaning for flux
recovery.

Prior to the use of membrane processes in water treat-
ment applications, coagulation/flocculation, ozonation, and
carbon adsorption processes were generally employed for
pretreatment of source waters, especially those containing
NOM [3,4]. However, it must be noted that conventional
coagulation/flocculation processes might not eliminate a
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significant fraction of NOM. A comparative study by
Crozes et al.[5] showed that ozonation was more effec-
tive than activated carbon adsorption in minimizing flux
decline attributed to adsorptive membrane fouling by dex-
tran and tannic acid, compounds that serve as surrogates
for certain components of NOM. The H2O2/UV oxidation
process has shown potential for complete destruction of
synthetic organic chemicals (SOCs), and transformation of
humic or hydrophobic substances into non-humic or less
hydrophobic components. In this regard, H2O2/UV oxida-
tion pretreatment simultaneously confers a twofold advan-
tage: (i) mitigation of flux decline due to NOM fouling
and (ii) removal of contaminants such as SOCs and hy-
drogen sulfide. Additionally, the non-selective reactivity of
hydroxyl radical vis-à-vis molecular ozone during pretreat-
ment might reduce the formation of undesirable non-humic
substances, such as polysaccharides and biodegradable oxi-
dation byproducts. Furthermore, UV irradiation and residual
hydrogen peroxide, as well as generated hydroxyl radicals,
could significantly mitigate membrane fouling. Nonethe-
less, pretreatment of source water could slow down but not
entirely eliminate membrane fouling. Effective chemical
cleaning would therefore be necessary to detach differ-
ent classes of foulants from the membrane and restore its
permeate flux characteristics[6,7]. Furthermore, selection
of appropriate chemical cleaning agents might be critical
because incompatible combinations of cleaning agent and
membrane material could lead to irreversible flux loss,
poor solute rejection, unnecessary costs through excessive
chemical use, and/or reduction in membrane life spans
[7,8].

This paper discusses the applications of H2O2/UV ox-
idation pretreatment and membrane cleaning strategies
for improving the performances of nanofiltration pro-
cesses. The NOM-containing groundwater obtained from
a deep aquifer in southern California was used as feed
for laboratory-scale crossflow membrane experiments. The
decompositions of NOM, SOCs (exemplified by the pes-
ticide alachlor), and hydrogen sulfide during H2O2/UV
oxidation were investigated. The primary objective was
to evaluate the impact of H2O2/UV preoxidation and as-
sociated process conditions on nanofiltration performance
with reference to permeate flux, permeate quality, and
membrane cleanability for flux recovery. Correlations
were established between the performances of virgin,
fouled, and cleaned membranes, and their surface prop-
erties, based on these analytical surface characterization
techniques: attenuated total reflection-Fourier transform
infrared spectroscopy (ATR-FTIR), X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM),
and scanning electron microscopy (SEM). These sur-
face characterization techniques provided insight into
the mechanistic features associated with membrane foul-
ing due to NOM, pretreatment of source water by
H2O2/UV oxidation, and membrane cleaning using different
strategies.

2. Background

2.1. Pretreatment by H2O2/UV oxidation and
nanofiltration performance

Advanced oxidation processes employing ozone,
hydrogen peroxide, UV radiation, photo-catalysis, or any
combinations thereof, can alter the functional groups com-
position, molecular structure, molecular weight distribu-
tions, and physico-chemical as well as biological charac-
teristics of NOM, and therefore affect subsequent water
treatment processes. Such oxidative processes can have
two major effects on NOM molecules: (i) minor alter-
ations in functional groups without major breakdown of
macromolecular systems, and (ii) major breakdown of large
aromatic moieties into micromolecular compounds such as
aliphatic organic acids. These two effects could influence
membrane processes, either favorably or unfavorably, from
the standpoints of fouling, cleanability, and rejection char-
acteristics. In evaluating the effects of minor changes in the
functional groups on adsorptive organic fouling, the fol-
lowing actors should be considered: (i) physical sorption of
organic molecules on membrane surface, (ii) electrostatic
interactions between those organics and the membrane, and
(iii) chemical interactions between the membrane and NOM
molecules.

Physical sorption of NOM molecules on the surface can
be attributed to van der Waals forces, and is therefore rel-
atively weak. Electrostatic interactions between NOM and
membrane surface are often related to their polar functional
groups (such as carboxylic, phenolic, and amidic groups).
Chemical interactions between NOM molecules and mem-
brane surface are generally stronger than physical sorption
or electrostatic interactions. For instance, the phenolic and
peptide groups in humic acid can form hydrogen bonds with
carbonyl or polyamide groups on the membrane fabricated
from a cross-linked aromatic polyamide, as shown inFig. 1
[9]. Additionally, the peptide bonds can also form hydro-
gen bonds with phenolic groups of other NOM molecules,
thereby increasing the apparent molecular sizes. The hydro-
gen bonds are characterized by high dissociation energies
of 5–10 kcal/mol as compared to electrostatic bonds char-
acterized by low energies of 2–3 kcal/mol[10], and may
cause severe organic fouling. However, upon H2O2/UV ox-
idation, the phenolic groups in aromatic moieties of NOM
undergo transformation to quinone groups[11,12], as illus-
trated inFig. 1. These quinone groups have a low propensity
for hydrogen bonding with carbonyl and amide groups on
the membrane surface, but predominantly form hydrogen
bonds with water molecules[2,9]. Furthermore, the gen-
erated quinone groups do not form hydrogen bonds with
the peptide moiety of another NOM molecule, a factor that
precludes multi-layer sorption because the NOM molecules
may not effectively compete with water molecules for the
quinone sites associated with the first NOM layer sorbed
on the membrane.



W. Song et al. / Journal of Membrane Science 241 (2004) 143–160 145

Fig. 1. Surface interactions between humic acid and the NF70 membrane: (a) before and (b) after preoxidation of NOM (minor alteration in functional
groups without major breakdown of macromolecules).

Potential flux enhancement could be experienced due
to major breakdown of NOM macromolecules by ad-
vanced oxidation processes. Indicators for breakdown in-
clude decreases in relative amount of humic, aromatic and
resin-retained fractions[2,13,14]. Transformation of NOM
by ozonation was investigated by Edwards and Benjamin
[15] who identified and quantified the reaction products.
They observed the destruction of carbon-carbon double
bonds, and the production of simple organic acids and
aldehydes. After surveying for 27 simple organic acids,
they noted that oxalic acid was the dominant product with
substantial generation of acetic, lactic and formic acids,
and traces of gallic, phthalic, fumaric, malonic, valeric and
glycolic acids.

Contemporaneously, Backlund[12] investigated the NOM
decomposition in lake water under UV and H2O2/UV ox-
idations, and identified as well as quantified the reaction
products in each case. The investigator noted that the ma-

jor products in these processes were oxalic, acetic, mal-
onic, andn-butanoic acids, and the minor products were
propanoic, hexanoic and butanedioic acids. Backlund fur-
ther observed that the combination of hydrogen peroxide
and UV radiation yielded substantially higher amounts of
organic acids than UV radiation alone. Although the major
organic acids accounted for only 20% of the dissolved or-
ganic carbon (DOC) for the UV oxidation, they accounted
for nearly 80% of the DOC for the H2O2/UV oxidation[12].
These organic acids, based on their molecular sizes, could
lead to some surface fouling in nanofiltration or reverse os-
mosis membranes, but might potentially cause more internal
pore fouling in ultrafiltration or microfiltration membranes.
This could be attributed to the ability of nanofiltration or
reverse osmosis membranes to retain the NOM molecules
causing more surface fouling; while ultrafiltration and mi-
crofiltration membranes would facilitate their passage and
increase the possibility of pore sorption and internal fouling.
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Additionally, these organic acids would react with alkaline
solutions, and could therefore be easily removed from the
membrane surface by caustic cleaning (vis-à-vis acid clean-
ing or surfactant cleaning) for permeate flux recovery. How-
ever, as these organic acids were easily biodegradable, they
constituted ideal substrates for microbial growth, a factor
that could contribute to biological fouling and deterioration
in permeate quality. Therefore, H2O2/UV oxidation could
cause increased biological fouling although it could possi-
bly reduce organic fouling. Nonetheless, biological fouling
could also be reduced by preoxidation due to the antibiotic
effects of UV radiation and hydrogen peroxide.

2.2. Membrane foulants and their characterization

A rigorous characterization of membranes could provide
necessary information on the nature of foulants and their
associated fouling mechanisms. For example, an FTIR spec-
troscopy of membranes at different incident angles demon-
strated that internal pore adsorption is mainly responsible
for fouling in ultrafiltration membranes[16], consistent
with the results of preferential NOM adsorption onto inter-
nal pore surfaces obtained by Jucker and Clark[17]. The
streaming potential, contact angle, and XPS measurements
were used by Jucker and Clark[17] to investigate the mech-
anisms for adsorptive fouling by humic substances under
the influence of calcium ions and different pH conditions.
Her et al. [18] used the FTIR, X-ray diffraction, X-ray
fluorescence, and SEM techniques to study precipitation
scaling attributed to inorganics such as calcium carbonate
and calcium sulfate. These researchers further observed
that heterogeneous crystallization of inorganic and organic
deposits caused more significant flux decline than homoge-
neous crystallization of inorganic deposits alone, consistent
with the earlier findings of Schäfer et al.[13].

3. Materials and Methodologies

3.1. Materials

3.1.1. Source water
Groundwater obtained from the Orange County Water

District (OCWD) was used in the H2O2/UV oxidation and
nanofiltration studies. The water quality characteristics in-
cluded high color (80–110 color units), low total dissolved
solid (TDS) concentrations (235–250 mg/L), and a nearly
constant pH value of∼8 due to carbonate species (Table 1).
The groundwater color is mainly attributed to naturally oc-
curring humic substances, as suggested by the high value of
0.05–0.06 mg−1 L cm−1 for specific ultraviolet absorbance
at 254 nm (SUVA254).

3.1.2. UV lamps
Low intensity and low-pressure mercury vapor lamps

(American Ultraviolet Company, Murray Hill, NJ) of power

Table 1
Characteristics of groundwater from a deep well of OCWD

Constituent Concentrationa

pH 7.9–8.4
Conductivity (�S/cm) 340–370
TDS (mg/L) 235–250
Color (Pt–Co) 80–110
Turbidity (NTU) <1
TOC (mg/L) 3.5–4.0
UVA254 0.19–0.22
THMs (�g/L, 20◦C, 24 h) 280–320
Dissolved sulfide (�g/L as S2−) 550–590
CT,CO3 (mM) 2.8–3.1
Fluoride (mg/L) 0.7–0.9
Chloride (mg/L) 12–15
Sodium (mg/L) 84b

Potassium (mg/L) 0.8b

Magnesium (mg/L) 1.1b

Calcium (mg/L) 8.1b

Ammonia-N (mg/L) 0.4b

Sulfate (mg/L) 10b

a Obtained from this work.
b Reported by OCWD Colored Water Hydrology Department (1996).

ratings 8 and 16 W were used as light sources. Typically,
about 99% of energy emitted from these lamps was at
a wavelength of 254 nm. The light intensities at 254 nm
were measured periodically to detect any deterioration
in its performance. The UV radiation intensities (I0) for
the 16 and 8 W lamps were estimated as 1.8 and 2.4×
10−6 einstein/L s, respectively, using hydrogen peroxide
actinometry as described by Linden and Darby[19].

3.1.3. Membrane
This study employed a commercially available thin-film

composite NF70 nanofiltration membrane (FilmTec Cor-
poration, Dow Chemical Co., Midland, MI), made of a
cross-linked aromatic polyamide with a polysulfone porous
support, whose characteristics are shown inTable 2. The
membranes originally provided as spiral-wound modules,
were unrolled as flat sheets, and stored in deionized (DI)
water at 20◦C prior to use in the laboratory-scale plate-and-
frame membrane cell operated in the crossflow mode.

Table 2
Characteristics of the NF70 membrane

Properties Value

Skin layer material Cross-linked aromatic polyamide
Maximum operating pressure 250 psig (1700 kPa)a

Recommended operating pressure 70 psiga

pH range (continuous operation) 3–9a

pH range (short-term cleaning) 1–11a

Maximum operating temperature 35◦Ca

Maximum feed silt density index SDI 5a

Molecular weight cut off 200–250 Dab

Contact angle 27◦ (clean membrane)b

surface charge (at pH of 6–9) −22 to −33 mVb

a Nominal value reported by the manufacturer.
b Tu et al. [9].
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3.1.4. Analytical techniques
The UV absorbances of aqueous samples at wavelengths

of 254 and 310 nm designated as UVA254 and UVA310 were
measured by a Lamda 4A UV-Visible spectrophotometer
(Perkin Elmer, Norwalk, CT). The total organic carbon
(TOC) concentrations were measured using a Shimadzu
TOC-5000 analyzer (Shimadzu Scientific Instruments,
Columbia, MD). The SUVA254 or SUVA310 values were
obtained from the ratio of UVA254 or UVA310 to TOC. The
color of water samples was measured by spectrophotome-
try at 455 nm against standardized platinum–cobalt (Pt–Co)
reference solutions.

The hydrogen peroxide concentrations at low ranges
(≤10 mM) were determined by a cobalt-UV spectrometry
method[20], and at high concentrations (70–100 mM) by
titration against potassium permanganate[21].

The 24 h trihalomethane formation potential (THMFP)
was determined by the uniform formation conditions test
discussed by Summers et al.[22]. In this technique, the
water samples were chlorinated (at a Cl2/TOC ratio of ap-
proximately 3 mg/mg) and incubated for 24 h at a pH of
8.0 and temperature of 20◦C, maintaining a minimum chlo-
rine residual of 1.0 mg/L. The trihalomethanes (THMs) from
aqueous samples were extracted by liquid–liquid extraction,
and the extract was analyzed by gas chromatography with
63Ni electron capture detection.

Samples containing alachlor were extracted and analyzed
by gas chromatography with electron capture detection ac-
cording to the procedure described by Badriyha et al.[23].
The chromatograph employed a 6 feet× 4 mm ID glass col-
umn packed with 1.5% SP-2250 and 1.95% SP-2401 on
100/120 Supelcoport (Supelco Inc., Bellefonte, PA), and was
operated isothermally at 240◦C.

Dissolved sulfide concentrations in aqueous samples at
high and low levels were measured by the iodometric and
methylene blue methods, respectively[24].

3.2. Methodologies

3.2.1. Membrane filtration experiments

3.2.1.1. Membrane testing apparatus.A crossflow plate-
and-frame membrane system was employed for these

Fig. 2. Schematic diagram of the crossflow membrane filtration unit.

nanofiltration experiments, as illustrated inFig. 2. The feed
solution was pumped from the feed tank to the stainless
steel plate-and-frame membrane cell (SEPA CF membrane
cell; Osmonics, Minnetonka, MN), and the flow rate was
controlled by adjusting the recirculation flow into the feed
tank. The membrane cell contained a flat membrane sheet
with an effective membrane area of 155 cm2. The transmem-
brane pressure and crossflow velocity were continuously
monitored and maintained at desired levels.

3.2.1.2. Operating conditions for nanofiltration tests.The
cross-flow rate and the trans-membrane pressure were both
maintained at specified values, but that permeate flux was
allowed to vary over time. This was so because the permeate
flux was controlled by the extent of membrane fouling as a
function of time. The membrane element was operated un-
der constant pressure of 120 psig (9 bar), and the cross-flow
velocity was maintained at 15 cm/s to simulate the hydro-
dynamics of a commercial spiral-wound membrane element
(i.e., 10–50 cm/s). Both permeate and retentate were recy-
cled back to the feed reservoir to maintain a high feed flow
rate of 1.15 L/min. Recycling of retentate and permeate re-
sulted in a gradual decrease in the TOC concentration of feed
during filtration due to interactions between the adsorbable
NOM fractions and membrane surface. In order to compen-
sate for solute loss, the feed solution was periodically re-
placed by fresh groundwater. The permeate and crossflow
rates were continuously monitored.

3.2.1.3. Membrane cleaning procedures.Three different
chemical agents were evaluated: (i) 0.1 M NaOH, (ii) 0.1 M
citric acid, and (iii) 0.001 M sodium dodecyl sulfate–SDS
[8]. Membranes fouled with raw or preoxidized water were
cleaned by filtering one of the chemical agents for 1 h, fol-
lowed by filtration with DI water for 5–10 min to remove
residuals of cleaning agents. Additionally, a cleaning strat-
egy with successive application of caustic and acid solutions
was employed, wherein the following sequence was used:
caustic cleaning for 20 min, acid cleaning for 20 min, again
caustic cleaning for 20 min. Each chemical cleaning step in
this sequence was followed by filtration of deionized water
for 5–10 min to avoid cross-contamination.
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Fig. 3. Experimental setup for H2O2/UV pretreatment.

3.2.2. H2O2/UV oxidation batch studies
The direct photolysis and H2O2/UV oxidation stud-

ies were conducted in a 6-L water-jacketed Pyrex reac-
tor (Fig. 3), fitted with a central quartz tube and a UV
lamp. The reactor was provided with a stainless steel
stirrer, and a recirculation pump with ceramic piston
and casing. All circulation tubings were made of either
stainless steel or Teflon. The circulation flow rate was
maintained at 250 mL/min to achieve conditions of a com-
pletely mixed batch reactor, and the reactor temperature
was maintained at 25◦C by means of a constant tem-
perature bath. The reactor was filled with 4.5 L of test
solution, and the temperature was stabilized prior to the
commencement of each experiment. The experimental run
was initiated by turning on the UV lamp, and samples
were taken before and during these runs for determining
the concentrations of TOC, UVA254, UVA310, alachlor,
pH, THMFP, hydrogen sulfide, and residual hydrogen
peroxide.

3.2.3. Attenuated total reflection-Fourier transform
infrared spectroscopy studies

The ATR-FTIR technique was used to investigate func-
tional groups and molecular structures on the membrane
surface and deposited foulants. All samples including the
virgin, fouled, and cleaned membranes were gently washed
with deionized water, and then dried overnight at room
temperature. A Perkin-Elmer 2000 FTIR apparatus (Nor-
walk, CT) equipped with a HeNe [helium compound with
neon (1:1)] laser as a radiation source (unpolarized IR ra-
diation), triglycine sulfate as a detector, and optical KBr as
a beam splitter was employed. The ATR method was used
for recording the IR spectra of the sample, wherein a ZnSe
crystal was employed as an accessory. The crystal was op-
erated as an internal reflection element at a nominal angle
of incidence of 45◦.

3.2.4. X-ray photoelectron spectroscopy studies
The XPS measurements were conducted to determine

the chemical composition and nature of elements in the
near surface region of the membrane. The samples were
placed inside an analytical chamber and allowed to out-
gas until a pressure less than 1.33× 10−5 Pa (1 ×
10−7 Torr) was attained. The XPS data were obtained using
a Perkin-Elmer/Physical Electronics Division Model 5100
X-ray photoelectron spectrometer (Norwalk, CT) with a
non-monochromatic Al K� (1486.6 eV) radiation source
operated at 15 kV and 300 W.

3.2.5. Atomic force microscopy studies
The AFM technique was used to image membrane sur-

faces with a nanometer scale resolution. A commercial AFM
liquid cell was used, and the topographic images were ob-
tained from an Autoprobe® CPSPM microscope (Park Sci-
entific Instruments, Sunnyvale, CA). The instrument was
operated in a non-contact or tapping (intermittent contact)
mode, and the images were obtained by scanning a sharp tip
over the membrane surface.

3.2.6. Scanning electron microscopy studies
The SEM technique was also used to further characterize

the surface morphology of membrane foulants. The SEM
micrographs were obtained using a Cambridge 360 scan-
ning electron microscope (Cambridge Instruments, Woburn,
MA), operated at a resolution of 30 Å. The membrane
samples were freeze-dried and coated with a thin layer of
graphite prior to analysis.

4. Results and discussions

4.1. Effect of H2O2/UV pretreatment on permeate flux

The raw water and preoxidized waters under different
pretreatment conditions, including UV radiation intensity,
hydrogen peroxide dosage, and preoxidation time, were
subjected to nanofiltration. Results of nanofiltration tests
with raw water and different preoxidized waters are pre-
sented inFig. 4 and Table 3. As can be observed from
Fig. 4, preoxidized waters exhibited significantly less per-
meate flux declines than raw water. Furthermore, between
the two preoxidized waters, a longer oxidation time or
higher hydrogen peroxide dosage exhibited increase in per-
meate fluxes. In general, SUVA in the wavelength range
190–350 nm (usually 254 nm) is used to represent hy-
drophobicity or aromaticity of NOM[11,25]. In this study,
SUVA at 310 nm (SUVA310) was used specifically for sam-
ples containing residual hydrogen peroxide, because the
peroxide exhibited absorbance in the 190–300 nm range
interfering with UV absorbance measurements at 254 nm
[25]. Therefore, a decrease in SUVA310 after H2O2/UV pre-
treatment would signify transformation of humic substances
into less- or non-humic substances (Table 3). Consequently,
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the H2O2/UV pretreated water manifested lower membrane
fouling potential as compared to the untreated water, and
the reasoning behind this observation was based on the
following hypotheses. During H2O2/UV preoxidation, the
reactive functional groups associated with humic substances
(that ordinarily demonstrate strong adsorption affinity for
the membrane surfaces), were replaced by new functional
groups with lower sorption affinities for the membrane
surface (Fig. 1). Additionally, major breakdown of NOM
macromolecules caused a substantial decrease in hydropho-
bic interactions with membrane surface, resulting in lower
adsorptive organic fouling. Furthermore, lower biological
fouling due to destruction of microorganisms could be a
reason for the lower fouling tendency of preoxidized waters.

An important consideration in adsorptive membrane foul-
ing could be the charge density of NOM. An increase in or-
ganic acid constituents of NOM after preoxidation provides
more ligands or sites for calcium complexation, and conse-
quently the negative charge of NOM decreases [26]. Such
a decrease in NOM charge may promote adsorptive organic
fouling for the negatively charged membranes. Nonetheless,
the lower fouling tendency of preoxidized water, based on
the permeate fluxes shown in Fig. 4, suggested that decreased

Table 3
Effect of NOM decomposition on nanofiltration performance

Feed Permeate fluxa

(L m−2 h−1 bar−1)
TOC (mg/L)b TOC rejection (%) UVA310 (cm−1)b SUVA310

b

(mg−1 L cm−1), feed
Feed Permeate Feed Permeate

Raw water 8.11 3.5 0.40 89 0.101 0 0.029
Preoxidized waterc 9.86 3.3 0.45 86 0.036 0 0.011
Preoxidized waterd 10.50 2.6 0.50 81 0.017 0 0.007
Preoxidized watere 11.45 2.0 0.97 52 0.011 0 0.005

a Flux averaged throughout entire filtration time.
b Average value for the samples taken every 2 h during 48 h.
c UV radiation intensity = 1.8 × 10−6 einstein/L s, [H2O2]0 = 1 mM, oxidation time = 30 min.
d UV radiation intensity = 1.8 × 10−6 einstein/L s, [H2O2]0 = 2 mM, oxidation time = 45 min.
e UV radiation intensity = 2.4 × 10−6 einstein/L s, [H2O2]0 = 5 mM, oxidation time = 45 min.

hydrophobic interaction due to lower sorption affinity was
more influential than a reduction in charge repulsions be-
tween the NOM molecules and membrane surface. It must
be noted that the hydrogen bonding energies associated with
sorption of hydrophobic NOM on membrane surfaces are
generally much larger than the electrostatic potential ener-
gies associated with charge interactions.

4.2. Effect of H2O2/UV pretreatment on the permeate
quality

Nanofiltration tests were performed with raw and
H2O2/UV preoxidized waters to investigate the membrane
performance for the removals of NOM, alachlor, and hy-
drogen sulfide. The findings are presented in the ensuing
sections.

4.2.1. NOM removal

4.2.1.1. NOM rejection by nanofiltration alone. The NOM
rejection by the nanofiltration membrane was investigated
in terms of total organic carbon (TOC), UVA254, color, and
24 h-THMFP. The average rejection for TOC was found to
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be 93%, while those for UVA254 and color were compara-
tively higher at 98 and 99%, respectively, suggesting pref-
erential rejection of the humic or aromatic NOM fractions.
The values of 24 h-THMFP in permeate averaged 19 �g/L
(93% removal), meeting the proposed maximum contami-
nant level (PMCL) of 40 �g/L.

4.2.1.2. NOM removal by H2O2/UV oxidation alone. A
hydrogen peroxide dosage of 2 mM was used under the pre-
treatment conditions because only marginal improvement
in the NOM decomposition efficiency was achieved beyond
this level [27]. Although, lowering the solution pH prior to
H2O2/UV oxidation could increase the NOM decomposi-
tion rate [25], it was not considered in the present studies
due to expected adverse effects of low pH on permeate
flux and NOM rejection, based on previous investigations
[1,28]. Under these operating conditions ([H2O2]0 = 2 mM
and pH 8.3), preoxidation for 30 min significantly reduced
UVA254, color, and SUVA254 by 42, 41, and 35%, respec-
tively, whereas only marginally reduced the TOC by 9%.
The relatively low TOC reductions as compared to UVA254
reductions can be explained by the structural changes in
NOM composition. For instance, aromatic fractions are
transformed into aliphatic fractions, and humic fractions are
converted to non-humic fractions, without significant con-
version of organic matter to carbon dioxide. Additionally,
the average THMFP of 212 �g/L in the preoxidized water
suggested that the transformed NOM as well as products
generated (such as non-humic substances) still functioned as
trihalomethane precursors. Furthermore, it was observed that
complete mineralization of NOM did not occur even after ex-
posure to oxidation for a long duration of 30 min, suggesting
that greater treatment might be required to meet the current
maximum contaminant level (MCL) of 80 �g/L for THMs.

4.2.1.3. NOM removal by nanofiltration with H2O2/UV pre-
treatment. The NOM rejection efficiencies of the nanofil-
tration membrane with respect to changes in pretreatment
conditions are presented in Table 3. As evident, lower TOC
rejections were observed for preoxidized waters. The fol-
lowing phenomena could be responsible for lower NOM re-
jection: (i) decrease in size exclusion due to transformation
of macromolecules into lower molecular weight molecules,
(ii) reduction in apparent MWCO due to lower NOM deposi-
tion on membrane surface, and (iii) decrease in electrostatic
exclusion due to the lower negative charges of preoxidized
NOM [25]. The average 24 h-THMFP value of the perme-
ate was found to be 25 �g/L, meeting the PMCL criterion.
Further, the results (Table 3) depicted that NOM rejection
efficiency (measured by TOC) appeared to be inversely pro-
portional to the degree of NOM oxidation (as indicated by
SUVA310). Lower TOC rejections with increasing hydrogen
peroxide dosage, oxidation period, and UV radiation inten-
sity illustrate this aspect. The source water subjected to 30 or
45 min of preoxidation with hydrogen peroxide dosage of 1
or 2 mM and a UV intensity of 1.8 × 10−6 einstein/L, exhib-

ited higher permeate flux (Fig. 4) and slightly lower NOM
rejection (Table 3). However, when the feed water was ox-
idized at higher oxidant dosage and UV intensity ([H2O2]0
= 5 mM, I0 = 2.4 × 10−6 einstein/L, and oxidation time
= 45 min), the higher permeate flux was accompanied by a
significant increase in the permeate TOC (0.97 mg/L). These
results indicated that the operating conditions for preoxi-
dation must be carefully controlled to balance fouling mit-
igation and NOM rejection. Another influential factor de-
termining the required degree of preoxidation could be the
membrane MWCO characteristics. If the H2O2/UV preox-
idation were followed by relatively higher MWCO mem-
brane as in ultrafiltration, a slight over-oxidation of source
water could lead to significant permeate deterioration. This
theory was based on the premise that preoxidation would
produce smaller organic molecules rejected by low MWCO
nanofiltration and reverse osmosis membranes, resulting in
greater surface fouling. However, the low MWCO ultrafil-
tration and microfiltration membranes would facilitate pore
transport of organic molecules, eventually causing internal
pore fouling and significant flux deterioration.

4.3. Hydrogen sulfide and alachlor removals

The average dissolved sulfide concentration of the raw
groundwater was about 570 �g S/L, and nearly 20% of it
was reduced during nanofiltration process alone. Such de-
crease might be caused primarily by evaporation as well as
oxidation by atmospheric oxygen during the filtration pro-
cess, rather than by size or electrostatic rejection. However,
H2O2/UV oxidation for 30 min with initial hydrogen perox-
ide concentration of 1 mM and UV radiation intensity of 1.8
× 10−6 einstein/L could achieve a dissolved sulfide removal
efficiency of 99.8%, corresponding to a residual dissolved
sulfide concentration of 1.2 �g S/L (i.e., 0.24 �g/L as H2S),
well below the threshold odor levels of 100–200 �g/L re-
ported for clean waters.

The raw source water spiked with 100 �g/L of alachlor
was subjected to H2O2/UV oxidation (i.e., [H2O2]0
= 1 mM, I0 = 1.8 × 10−6 einstein/L) for 30 min, prior to
nanofiltration. No alachlor was detected in the pretreated
water, and thus no residual was carried over into the nanofil-
tration process. Although alachlor could be effectively
removed by nanofiltration alone, its hydrophobic tendency
to be adsorbed onto and subsequently desorbed from the
membranes might be a cause for concern.

4.4. Nanofiltration with membrane cleaning

Nanofiltration tests using raw water and H2O2/UV pre-
treated water were performed with periodic membrane
cleaning to simulate full-scale plant operations. In order
to investigate the long-term effect of chemical cleaning
and source water pretreatment on the permeate flux and
permeate quality, nanofiltration tests were performed for
an extended period of 192 h. These experiments employed
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Table 4
Operation setup for nanofiltration with pretreatment and chemical cleaning

Feed Cleaning agent Total running timea Cleaning intervals (h) Figures

Raw water 0.1 M NaOH 192 h (4 cycle) 48 5a, 10d
Preoxidized water 0.1 M NaOH 192 h (2 cycle) 96 5a, 8d
Raw water 0.1 M citric acid 192 h (4 cycle) 48 5b
Preoxidized water 0.1 M citric acid 192 h (2 cycle) 96 5b
Raw water 0.001 M SDSb 192 h (4 cycle) 48 5c, 9c
Preoxidized water 0.001 M SDSb 192 h (2 cycle) 96 5c
Raw water Successive cleaningc 192 h (4 cycle) 48 6, 7

a Excluding the time for membrane cleaning.
b Sodium dodecyl sulfate.
c Caustic cleaning (20 min), acid cleaning (20 min), and caustic cleaning (20 min) using 0.1 M NaOH and 0.1 M citric acid solutions.

different cleaning intervals of 48 and 96 h for the raw and
preoxidized water, respectively, due to their differences in
fouling potentials as shown in Table 4. Upon completion
of filtration runs (four cycles for raw water and two cycles
for preoxidized water), the membranes were chemically
cleaned and preserved for surface characterization studies.
The effects of the cleaning agent type and pretreatment
of source water on permeate flux (and flux recovery) and
permeate quality are discussed in the ensuing sections.

4.4.1. Effect of chemical agent type on flux recovery
It is a general theory that flux recovery of a cross-flow

module due to membrane cleaning is attributed to a combi-
nation of two factors—the dissolution or desorption effect
of the cleaning agent, and the hydrodynamic shear stress
applied to the foulant layer [7,29]. This theory further as-
sumes that once the fouling layer is disrupted by the applied
chemical agent, it is easily removed by hydrodynamic shear.

The permeate flux profiles for nanofiltration tests per-
formed with raw water using three different cleaning agents
are presented in Fig. 5a–c. Higher flux recovery was ob-
served for caustic or acid cleaning vis-à-vis surfactant clean-
ing. Nonetheless, neither of the chemical agents tested in this
study completely removed the foulants, and consequently
progressive flux deterioration was experienced with increas-
ing filtration cycles. Such long-term flux decline was sub-
stantially mitigated by successive caustic and acid cleaning,
an approach that proved more effective for flux recovery than
caustic or acid cleaning alone, as reflected in Fig. 6. Succes-
sive “dual” cleaning by caustic and acidic solutions would
remove both acidic and basic fractions of NOM from the
membrane, and this technique has been viewed by several re-
searchers as a practical, efficient and cost-effective approach
to mitigate membrane fouling and flux decline [7,8,29].

A number of theories can be proposed in support of the
results depicted in Figs. 5 and 6. Better flux recovery by
caustic cleaning than that by acid cleaning can be attributed
to high humic and fulvic acid content (dissolvable in caus-
tic solution) and low inorganic content (low deposition po-
tential) of the groundwater used (Table 1). Under the high
pH conditions experienced in caustic cleaning, the NOM

molecules attain more conformational linearity [30,1], and
consequently the foulant layer becomes looser and sparser,
so that the membrane is better amenable to cleaning. Fur-
thermore, it is hypothesized that the hydroxyl ions in caustic
solution (0.1 M NaOH) could promote disruption of the foul-
ing layer by these mechanisms: (i) increasing ionic strength,
(ii) increasing solubility of NOM foulants, and (iii) decreas-
ing negative charge of NOM and membrane due to adsorp-
tion of sodium ions [29].

In order to measure gradual flux increase during suc-
cessive chemical cleaning with caustic and acid solutions,
deionized water was applied to the membrane for a short du-
ration (5–10 min) immediately after each cleaning (20 min)
and the flux was measured. The initial specific flux depicted
in Fig. 7 was 13 m−2 h−1 bar−1. It can be observed from
Fig. 7 that most flux recovery (over 97%) was witnessed
after the first caustic cleaning cycle. Further increase in
the flux after acid cleaning might suggest that some resid-
ual foulants after caustic cleaning, such as calcium-bound
organic acid constituents, were removed by acid cleaning.
Similar effects were observed by Hong and Elimelech [30],
when a membrane fouled with calcium-complexed NOM
was cleaned successively with caustic (pH 10) and EDTA
(10−3 M) solutions. These investigators suggested that
EDTA could remove calcium from NOM foulants through a
ligand-exchange reaction resulting in more negative charge
of NOM (increased electrostatic repulsion among the NOM
foulants). Similarly, they proposed a ligand-exchange re-
action between NOM–calcium complexes and citric acid
during acid cleaning. Nonetheless, it must be noted that
acid cleaning might not remove unbound organic acid
constituents (which used to be complexed with calcium)
because these organic acids are protonated and coiled with
other organic foulants under acidic conditions (pH < 2)
[28,30].

It was suggested that during the deionized water rinsing
after acid cleaning (pH ∼ 5), some of stronger carboxylic
groups (amenable to deprotonation in the pH range 3–6)
were removed; however, weak carboxylic acid constituents
(that could be deprotonated only in the pH range 6–10) was
not removed [25]. These weak carboxylic acid constituents
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Fig. 5. Effect of the H2O2/UV pretreatment on permeate flux for various membrane cleaning strategies: (a) caustic cleaning, (b) acid cleaning, and (c)
surfactant cleaning.

were apparently removed by the second caustic cleaning, a
hypothesis supported by the flux increase shown in Fig. 7.
Nonetheless, it must be noted that the flux progressively de-
creased with increasing number of filtration cycles imme-
diately after the successive cleaning, suggesting the gradual
accumulation of residual foulants. A high possibility existed
that hydrophobic bases and neutral species adsorbed onto the
virgin polyamide membranes could not be desorbed in ei-
ther acid or caustic solutions due to their hydrophobic inter-
actions with membrane surfaces [28,31]. It is perhaps likely
that to the extent that such components were adsorbed onto

previously deposited foulant, they would be removed if the
original foulant layer were disrupted by hydrodynamic shear.

4.4.2. Effect of preoxidation on flux recovery
The impact of H2O2/UV pretreatment on permeate flux

decline and recovery using different cleaning agents is il-
lustrated in Fig. 5a–c. In general, higher permeate fluxes
were observed for preoxidized water than for raw water,
despite the lower cleaning frequencies. This is an impor-
tant factor because a lower cleaning frequency might sig-
nificantly enhance the membrane life and performance. Pre-
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Fig. 6. Permeate flux profiles and permeate conductivity for nanofiltration tests performed with raw water using successive cleaning with caustic and
acid solutions.

oxidation was found to improve the caustic cleanability of
membrane, as indicated by the flux recovery results pre-
sented in Fig. 5a, attributable to the lower sorption affinity
of preoxidized NOM constituents for the membrane surface.
Furthermore, preoxidation increased the organic acid con-
stituents of NOM [25], a factor that might have contributed
to better flux recovery during caustic cleaning. In the case
of preoxidized water, the permeate flux immediately after
caustic cleaning was even higher than the initial flux, pos-
sibly due to the removal of preservative (sodium azide ap-
plied by the manufacturer). The fouling mitigation achieved
by preoxidation appeared similar to that accomplished by
acid or surfactant cleaning, manifesting an overall higher
permeate flux for preoxidized water with lower cleaning fre-
quency (Fig. 5b and c). However, with acid or surfactant
cleaning there were no marked differences in flux recover-
ies, an observation which suggested that preoxidation had
no significant effect on the efficiency of acid or surfactant
cleaning.

Fig. 7. Permeate flux recovery during the successive cleanings with caustic and acid solutions for the NOM-fouled membrane (as measured by DI water
flux immediately after each chemical cleaning).

4.4.3. Effect of preoxidation and chemical cleaning on
permeate quality

Table 5 lists the average values of the feed and permeate
quality parameters. Similar values for color, UVA254, and
conductivity of permeate waters were observed regardless of
the cleaning agent and feed pretreatment employed. How-
ever, somewhat different average permeate TOC concentra-
tions were observed for different cleaning agents. For exam-
ple, relatively low values of permeate TOC were obtained
with anionic surfactant as compared to other cleaning agents.
This can be hypothetically explained by the following mech-
anisms: (i) more negative charge density of the membrane
surface due to the adsorption of the surfactant molecules
having negatively charged sulfate functional groups, namely,
increased electrostatic exclusion, and (ii) decrease in appar-
ent MWCO due to ineffective foulant removal by surfactant
cleaning.

The average permeate TOC concentrations with acid
cleaning were shown to be higher than those with other
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Table 5
Permeate qualitiesa with different membrane cleaning strategies

Cleaning strategy Feed TOC (mg/L) Conductivity (�S/cm) Color (Pt–Co) UVA254 (cm−1)

Feed Permeate Feed Permeate Feed Permeate Feed Permeate

Caustic cleaning Raw water 3.54 ± 0.07 0.49 ± 0.04 368 ± 3 28 ± 3 73.4 ± 3.1 0.1 0.181 ± 0.003 0.000
H2O2/UV
treated water

3.25 ± 0.07 0.55 ± 0.05 365 ± 2 28 ± 3 22.3 ± 3.4 0.3 0.059 ± 0.007 0.008b

Acid cleaning Raw water 3.56 ± 0.12 0.81 ± 0.28 363 ± 2 24 ± 2 77.6 ± 2.5 0.7 0.186 ± 0.007 0.001
H2O2/UV
treated water

3.30 ± 0.08 0.59 ± 0.13 355 ± 2 26 ± 3 21.7 ± 5.2 0.6 0.061 ± 0.009 0.008b

Surfactant cleaning Raw water 3.47 ± 0.07 0.42 ± 0.05 360 ± 2 27 ± 2 80.6 ± 2.5 0.5 0.187 ± 0.003 0.001
H2O2/UV
treated water

3.24 ± 0.06 0.46 ± 0.07 363 ± 1 26 ± 2 14.8 ± 2 0.4 0.059 ± 0.007 0.009b

Successive cleaning Raw water 3.48 ± 0.07 0.50 ± 0.04 356 ± 2 29 ± 2 72.6 ± 3.6 0.2 0.189 ± 0.004 0.000

a Average value with 95% confidence interval for the samples taken every 4–8 h during 192 h.
b UVA254 primarily caused by residual hydrogen peroxide present in the sample.

chemical agents. A plausible explanation for the drastic
increase in permeate TOC immediately after acid cleaning
could be that unlike after caustic cleaning, foulant removal
and flux recovery were mainly accomplished in the case of
deionized water and groundwater, and this could be due to
the increased electrostatic repulsion among NOM foulants
at neutral pH. This was evident from the deep brown color
of the permeate and retentate. Such foulant releases were
shown to proceed over extended periods of several hours,
as indicated by the high permeate TOC levels. The high
TOC levels (2.7–4.3 mg/L) and extremely low UVA254 val-
ues (<0.003 cm−1) for the permeate seemed to indicate
that among the released foulants low molecular-weight
aliphatic molecules were not well rejected by the nanofil-
tration membrane, as observed by previous researchers
[28,31,18].

High TDS rejection efficiencies were observed both for
raw and preoxidized water filtrations based on conductivity
data. The TDS rejection rates appeared quite stable regard-

Table 6
Elemental composition of membrane surfaces as determined by XPS

Membrane samples Atomic compositionb (%)

Sample no. Status Cleaning agent Feed Time (h) C O N Ca

1 Virgin – – – 63.7 22.7 11.9 0.0
2 Virgina – – – 64.0 19.4 12.3 0.0
3 Fouled – Raw 48 69.1 24.1 3.7 0.8
4 Fouled – Preoxidized 48 60.4 25.9 4.5 0.3
5 Cleaned Caustic Raw 48 63.0 28.3 6.7 0.3
6 Cleaned Caustic Preoxidized 48 64.5 25.4 8.4 0.5
7 Cleaned Caustic Raw 192 66.1 25.5 3.7 0.4
8 Cleaned Caustic Preoxidized 192 63.9 25.8 7.6 0.4
9 Cleaned Acid Raw 192 64.6 28.4 6.1 0.0

10 Cleaned Acid Preoxidized 192 NAc NA NA NA
11 Cleaned Surfactant Raw 192 70.7 22.3 5.3 0.2
12 Cleaned Surfactant Preoxidized 192 68.1 25.5 2.6 <0.1

a Virgin membrane soaked in H2O2 solution.
b Na, Z, Cu, Fe, and Cl are found at trace levels.
c Not analyzed.

less of cleaning agent used, although the rejections exhib-
ited somewhat different trends before and after membrane
cleaning. At the beginning of filtration or immediately after
membrane cleaning, the permeate conductivity values were
about 40 �S/cm; however, as more NOM deposited on the
membrane surface, the value decreased to about 20 �S/cm
(Fig. 6).

4.5. Membrane surface characterization studies

Nanofiltration membranes at various stages of filtration
operation were characterized by surface analysis, a summary
of which is provided in Table 6. Membrane samples were
divided into the following categories: (i) virgin membrane to
serve as a control, (ii) membrane used for filtering raw wa-
ter and preoxidized water for 48 h, (iii) membrane exposed
to one cycle of filtration with subsequent cleaning, and (iv)
membrane exposed to several cycles of filtration with peri-
odic cleaning.
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Fig. 8. The FTIR spectra of membranes at various phases of membrane operation: (a) virgin membranes, (b) fouled membranes, and (c) caustic-cleaned
membranes.

4.5.1. Attenuated total reflection-Fourier transform
infrared spectroscopy studies

The FTIR spectrum for a typical virgin NF70 membrane,
presented in Fig. 8a, reflects the typical pattern expected of
polyamide or polysulfone membranes [16,7]. The principal
absorption bands for the virgin membrane consist of fre-
quencies or wave numbers associated with these bond char-
acteristics: νCH (C–H rocking) vibrations at 635–855 cm−1,

νCC (C–C stretching) stretching at 875–1110 cm−1, νCOC
(aromatic ring–O–aromatic ring) stretching vibrations at
1240 cm−1, and νCC (C=C stretching in the aromatic rings)
vibrations at 1410, 1500, and 1580 cm−1. The FTIR spec-
trum of the virgin membrane soaked in hydrogen peroxide
(5 mM) for 1 month is also presented in Fig. 8a. The two
spectra were identical (Fig. 8a) highlighting the fact that the
virgin membrane did not undergo any change in structure
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or composition on exposure to hydrogen peroxide because
the oxidant reacts only with water-soluble polymers.

The FTIR spectra for the fouled membranes are shown
in Fig. 8b. It can be seen that the absorption peaks in the
virgin membrane spectra were either eliminated or severely
attenuated due to coating by NOM foulants. However, the
spectral bands between wave numbers 950 and 1200 cm−1

were significantly stronger in intensity for the membrane
fouled with raw water, as compared to the virgin membrane.
These peaks apparently originated from the polysaccharides
in NOM foulants, as possible assignments can be made to
the C–O–C vibrations of polysaccharides at frequencies of
1050 and 1080 cm−1 [32]. In contrast, these peaks were not
observed for the membrane fouled with preoxidized water
(Fig. 8b), indicating that organics with high fouling poten-
tial (polysaccharides) were transformed into those with rel-
atively low fouling potential during H2O2/UV oxidation.
Furthermore, as the spectral bands for membrane exposed
to preoxidized water were weaker in intensity than that for
membrane exposed to raw water, it appears that NOM con-
stituents in raw water were transformed into less adsorbable
substances during preoxidation. The mechanistic hypothe-
sis presented here are well supported by the permeate flux
profiles for raw and preoxidized waters (Figs. 4 and 5).

The FTIR spectra for caustic-cleaned membranes after
48 h of filtration are presented in Fig. 8c. The absorption
bands for caustic-cleaned membrane after being fouled with
either raw or preoxidized water were significantly decreased
in intensity, as compared to those for the virgin membrane at
the following frequency or wavenumber ranges: vibrations at
635–855 cm−1 (C–H rocking), stretching at 875–1110 cm−1

(C–C stretching), stretching vibrations at 1240 cm−1 νCOC
(C–O–C stretching between two aromatic rings), and vibra-
tions at 1410, 1500, and 1580 cm−1 (C=C stretching in aro-
matic rings). Nevertheless, a comparison of the spectra for
the two caustic-cleaned membranes, one exposed to raw wa-
ter and the other exposed to preoxidized water, indicated that
the latter had better peak recovery after cleaning. These ob-

Table 7
Relative amount of calcium on membranes as determined by XPS

Sample no.a Membrane samples Calcium (at.%) Ca(2p3/2) B.E. (eV)b

1 Virgin membrane 0.0 No peak
2 Virgin membrane soaked in hydrogen peroxide (H2O2) solution 0.0 No peak
3 Fouled with raw water (1 cycle) 0.8 347.5
4 Fouled with preoxidized water (48 h) 0.3 347.2
5 Caustic-cleaned after fouling with raw water (1 cycle) 0.3 347.6
6 Caustic-cleaned after fouling with preoxidized water (1 cycle) 0.5 347.4
7 Caustic-cleaned membrane (4 cycles) 0.4 347.5
8 Caustic-cleaned after fouling with preoxidized water (1 cycle) 0.4 347.2
9 Acid-cleaned membrane (4 cycles) 0.0 no peak

10 Acid-cleaned after fouling with preoxidized water (1 cycle) NAc NAc

11 Surfactant cleaned membrane (4 cycles) 0.2 347.8
12 Surfactant-cleaned after fouling with preoxidized water (1 cycle) <0.1 347.6

a Number of membrane samples listed in Table 6.
b Binding energy in electron volt.
c Not analyzed.

servations supported the theory, based on flux recovery data,
that foulants from preoxidized water were cleaned more ef-
fectively than those from raw water (Fig. 5a). Furthermore,
the observations indicated that preoxidation enhanced caus-
tic cleanability of membranes because the foulants were pre-
dominantly smaller organic acids removable by reactions
with alkaline solutions.

4.5.2. X-ray photoelectron spectroscopy studies
A survey scan of the skin layer of the virgin mem-

brane primarily detected carbon, oxygen, and nitrogen. The
atomic concentrations of these three components agreed
well with those from a typical polyamide structure reported
by previous investigators [33,13], as shown in Table 6.
Additionally, sodium, zinc, copper, iron, chlorine, and sil-
icon were detected at trace levels. The relative amounts of
calcium present in the fouled and cleaned membranes are
presented in Table 7. Although calcium was not detected on
the virgin membrane, the metal was found on fouled and
caustic-cleaned membranes, as indicated by the Ca(2p3/2)
binding energies of 347.2–347.8 eV. These observations
were similar to those of Jucker and Clark [17], and Schäfer
et al. [13], who identified organically bound calcium in
their samples at binding energies of 349.8 and 349.6 eV,
respectively.

After acid cleaning no residual calcium was found due
to the release of intramolecular calcium and dissolution of
inorganic deposits at low pH (Table 7). Caustic cleaning
showed the largest calcium content on membranes as com-
pared to acid or anionic surfactant cleaning. Similar results
were reported by Lindau and Jönsson [6], who noted that
the iron content of organic foulants increased significantly
after caustic cleaning. These observations could be theo-
retically explained by the following hypothesis. The extent
of complexation between organic acid constituents and
calcium (or iron) increases during caustic cleaning due to
increased availability (deprotonation) of carboxylic acids
and oxalic acid of NOM at high pH values [6,29]. The
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calcium-complexed NOM constituents adsorbed onto the
negatively charged membrane surface are not desorbed dur-
ing caustic cleaning due to their low charge density vis-à-vis
other deprotonated acids. Thus, gradual accumulation of
these residual foulants after repeated caustic cleaning could
cause progressive deterioration in permeate flux, a factor
that could be more pronounced for feed waters containing
moderate or high levels of calcium (the calcium level in
the source water was below 10 mg/L). In such situations,
successive cleaning with caustic and acid solutions would
constitute an effective strategy for permeate flux recovery.

As previously noted, H2O2/UV preoxidation could lead
to less negative charges on NOM molecules [12,14]. It is hy-
pothesized that association of NOM with calcium would re-
duce the NOM charge density, and thereby promote sorption
of NOM on negatively charged membranes. However, the
calcium content of foulants from preoxidized water is lower
than that from raw water (0.3% versus 0.8%), as presented
in Table 7. A possible explanation is that upon preoxidation
calcium-complexed NOM constituents were not necessar-
ily adsorbed on the membrane surface due to lower sorp-
tion affinities of preoxidized NOM. This further supports
the theory that hydrophobic interactions between NOM and
membrane surfaces were more influential than electrostatic
interactions. The superior flux recovery by caustic cleaning,
as evidenced in Fig. 5a, supports the hypothesis that a lower
calcium content of the foulants is a very important factor in
promoting the observed improvement in “cleanability” un-
der preoxidized conditions.

The negative charge on the membrane surface mainly
originates from the dissociation of acidic functionalities
such as carboxylic groups. Therefore, the relative amounts
of carbonyl-carbon containing functional groups such as the
carboxylic groups shown in Table 8 can be considered to be
a surrogate indicator for charge density on the membrane
surface. This table provides the relative concentrations of
various “carbon containing” functional groups obtained
from high-resolution scans of the C(1s) region using XPS.
The virgin membrane (sample 1) exhibited larger compo-
sition of C(1s) peak at binding energies of 288.2–288.8 eV
(peak 3) than the fouled membrane (sample 3), that is,
16 and 9% for virgin and fouled membranes, respectively.
These results suggested that carboxylic groups on the vir-

Table 8
Relative composition of total C(1s) peak as determined by XPS

Sample no.a Membrane C(1s) peak #1 (C–C, C–H) C(1s) peak #2 (C–NH) C(1s) peak #3 (C=O)

% B.E (eV) % B.E (eV) % B.E (eV)

1 Virgin 66 285.0 18 286.5 16 288.2
3 Fouled 72 285.0 19 286.8 9 288.7
4 Less fouled 66 285.0 23 286.7 11 288.6
6 Well-cleaned 70 285.0 18 286.9 12 288.5
5 Moderately cleaned 67 285.0 22 286.7 11 288.5

11 Severely fouled 67 285.0 24 286.9 9 288.8

a Number of membrane samples listed in Table 6.

gin membrane surface were coated with NOM foulants that
contained a smaller amount of acidic functional groups
(than the membrane surface), resulting in an overall surface
charge reduction. As a fouled membrane was cleaned using
caustic solution (sample 7), the relative amount of C(1s)
signal in peak 3 increased from 9 (sample 3) to 11% (sam-
ple 7). The caustic-cleaned membrane used in the filtration
of preoxidized water (sample 6) exhibited slightly higher
carbonyl-carbon content (12%), as compared to the cleaned
membrane exposed to raw water (11% for sample 5). How-
ever, this carbonyl-carbon content was still lower than those
observed for virgin membranes (12% versus 16%), demon-
strating that caustic cleaning could not completely remove
foulants from preoxidized water. It was also observed that
there was no increase in the C(1s) peak 3 size (9%) after
surfactant cleaning (samples 3 and 11), consistent with the
fact that there was no permeate flux recovery (Fig. 5c).

4.5.3. Atomic force microscopy studies
The AFM images for virgin and fouled membranes are

presented in Fig. 9a–c. A significant difference is observed
between the surface morphologies of the virgin and fouled
membranes, reflected by their root mean square (rms) sur-
face roughness values. The virgin membrane exhibits an rms
surface roughness of 48 nm (Fig. 9a), significantly lower
than the values for fouled membranes. Fig. 9b shows an
AFM image for the membrane exposed to preoxidized wa-
ter without cleaning (sample 4 in Table 6). This membrane
can be regarded as moderately fouled based on the permeate
flux of 9.3 L m−2 h−1 bar−1 (Fig. 4), and it has a high sur-
face roughness of 124 nm. The increase in surface roughness
can be explained by the following theory. During the initial
stages of filtration, macromolecules such as humic or hy-
drophobic NOM fraction as well as less negatively charged
NOM constituents (such as calcium-bound NOM) preferen-
tially deposit onto the negatively charged membrane surface
[34].

The surface morphology of the membrane subjected to
four cycles of filtration with surfactant cleaning is shown in
Fig. 9c. This membrane can be regarded as severely fouled
(after 192 h) because of the ineffective foulant removal by
surfactant cleaning (Fig. 5c). Further deposition of NOM
(192 h) resulted in a decrease in rms surface roughness to
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Fig. 9. AFM image scans: (a) virgin membrane (sample 1), (b) fouled with preoxidized water (sample 4), (c) surfactant-cleaned (sample 11), and (d)
caustic-cleaned (sample 8).

72 nm, probably due to NOM adsorption onto the depres-
sions in the accumulated foulant layer. According to the con-
ceptual model of NOM adsorption onto membrane surface
proposed by Lahoussine-Turcaud et al. [34], this stage of
NOM adsorption, referred to as stage II by the investigators,
can be regarded as solute accumulation in a densely com-
pacted layer. The caustic-cleaned membrane after two cycles
of filtration with preoxidized water (Fig. 9d) exhibited a mor-
phology similar to that of virgin membrane, but had a lower
surface roughness (40 nm versus 48 nm). This decreased
roughness was presumably caused by residual foulants (such
as calcium-bound organic acid constituents) within the con-
cavity of the membrane surface even after caustic cleaning.
It can be hypothesized that incomplete removal of organic
foulants during caustic cleaning was due to one or the com-
bination of these factors: (a) calcium-complexed NOM con-
stituents with low charge density are formed that might pro-
mote fouling; (b) membrane surface roughness could lead to
some irreversible deposition of foulants; and (c) hydropho-
bic interactions between non-desorbable NOM components
and membrane surface could cause irreversible fouling.

4.5.4. Scanning electron microscopy studies
The SEM results presented in Fig. 10a–d are based on

multiple samples of fouled membranes of the same types
to avoid problems associated with cell losses arising from
random sample choice (cut pieces of the membranes) and/or
sample preparation. The SEM slides presented are therefore
typical representatives of those obtained during the multi-
ple analyses. The SEM micrograph of the virgin membrane
(Fig. 10a) exhibited the “ ridge and valley network” mi-
crostructure typical of a polyamide barrier layer [33], while

the micrographs of the fouled membranes (Fig. 10a and c)
exhibited different surface morphologies. These observa-
tions supported the fact that surface adsorption was the main
fouling mechanism in nanofiltration membranes [31]. The
SEM micrograph of a membrane moderately fouled with
preoxidized water after 48 h of filtration (Fig. 10b) showed
a somewhat sparse and loosely woven foulant layer due
to regional adsorption of macromolecules and the uneven
nature of NOM deposition. This type of NOM adsorption
might be regarded as stage I of the “staged adsorption
model” suggested by Lahoussine-Turcaud et al. [34], ac-
cording to which dissolved macromolecules were loosely
bound to the membrane surface. The uneven structure of
foulant deposition was consistent with the large surface
roughness reflected by the AFM images (Fig. 10b), and the
loose and sparse structure certainly eased chemical cleaning
and/or hydraulic rinsing.

The membrane fouled with raw water after 48 h of filtra-
tion (Fig. 10c) exhibited a relatively smooth surface. This
was consistent with the decreased surface roughness of the
severely fouled membrane due to NOM adsorption onto de-
pression areas of the accumulated foulant layer (Fig. 10c).
It could be theorized that once a densely compacted gel
layer was formed, further accumulation of NOM did not sig-
nificantly influence the surface morphology (possibly due
to hydrodynamic shear of crossflow), but merely increased
the layer thickness up to a steady-state value reached be-
tween adsorption and desorption [31]. In this regard, the
term “morphology” mainly referred to “surface roughness”
and “microbial deposition.” In our study, fouled membranes
after four cycles exhibited visually thicker foulant layers as
compared to those only after one cycle, suggestive of such
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Fig. 10. Scanning electron micrographs: (a) virgin membrane (sample 1), (b) fouled with preoxidized water (sample 4), (c) fouled with raw water (sample
3), and (d) caustic-cleaned (sample 7).

progressive adsorption phenomena. Additionally, Fig. 10c
also showed the occurrences of rod-shaped microorganisms
on the foulant surface; however, these microorganisms were
not observed on membranes exposed to preoxidized water
(Fig. 10b). Speth et al. [3] attributed high concentrations of
polysaccharides and amino sugars in foulants to the likely
presence of bacterial cells (amino sugars) and extracellular
materials (polysaccharides). It appeared from the above ob-
servations that a strong bonding was necessary to overcome
charge repulsion and establish the binding between bacterial
cells and NOM foulants. These results were supported by the
FTIR spectra for the membrane fouled with raw water which
exhibited peak intensities at 1050 and 1080 cm−1, frequen-
cies (wave-numbers) diagnostic for presence of polysaccha-
rides (Fig. 8b).

The membrane subjected to four cycles of filtration
with caustic cleaning after each cycle (Fig. 10d) showed
a morphology similar to those of foulants from raw wa-
ter (Fig. 10c), but without the entrapment of bacterial cell
fragments, confirming the effectiveness of caustic cleaning
in removing biological foulants. Nonetheless, the smooth
surface shown in Fig. 10d demonstrated that concavities in
the virgin membrane were completely masked by residual
foulants after caustic cleaning, an observation consistent
with the gradual flux deterioration observed on increas-
ing filtration cycles (flux profile for raw water, Fig. 5a). It
should be noted that unlike the caustic-cleaned membrane

after exposure to raw water (Fig. 10d), the caustic-cleaned
membrane after exposure to preoxidized water exhibited
nearly the same surface morphology as the virgin membrane
(Fig. 9d). This observation suggested that the preoxidized
water might have contained fewer NOM fractions that were
non-desorbable.

5. Summary and conclusions

The major findings of this study are briefly summarized
as follows:

• The H2O2/UV oxidation pretreatment of source water sig-
nificantly mitigated organic fouling by transforming hu-
mic/hydrophobic NOM fractions and polysaccharides into
less sorbable organic acids, as investigated by FTIR, XPS,
SEM, and AFM. It also provided an effective means for
removing hydrogen sulfide and the pesticide alachlor.

• The H2O2/UV pretreatment also exhibited the potential
to mitigate biological fouling based on the findings from
SEM studies further supported by FTIR spectral peaks
arising from polysaccharides (extracellular materials) ob-
served only for foulants from raw water.

• The membranes fouled with H2O2/UV-pretreated water
appeared more amenable to caustic cleaning than those
fouled with raw water. This was presumably due to the
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lower sorption affinity of preoxidized NOM, increased
amount of organic acid constituents, and transformation
of non-desorbable NOM fractions into readily desorbable
organic substances. This hypothesis was supported by re-
sults from ATR-FTIR, XPS, AFM, and SEM studies.

• The chemical cleaning agents tested could not achieve
complete flux recovery because residual foulants were
strongly embedded in the concavities of membrane sur-
faces, as reflected by AFM studies. It was found that
caustic cleaning could be more effective for permeate
flux recovery if preoxidation were employed.
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