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a b s t r a c t

A TiO2 based advanced oxidation process is expected to degrade organic matter in seawater and thereby
fouling would be mitigated in the membrane reactor. The effects of seawater sources on photocatalytic
microfiltration treatment were investigated with respect to the removal of particulate and organic matter,
as well as the control of membrane permeability. The TiO2 mediated photocatalysis of seawater organic
matter (SOM) was compared with that of natural organic matter (NOM) present in fresh water. The
photocatalytic degradation of SOM was marginal, but it was enhanced significantly when sea salts were
removed by electrodialysis. It revealed that the SOM photocatalysis was governed not by the molecular
structure of SOM itself, but by the presence of ionic species in the seawater. To identify the ions respon-
sible for the considerably reduced SOM photocatalysis, some major ionic species selected were dosed
hloride
to desalted seawater. It was thus found that chloride ions were serving as a scavenger of photoinduced
strong oxidizing radicals (e.g., hydroxyl or superoxide radicals), although they may contribute to the par-
tial oxidization and chlorination of SOM molecules. The alteration of SOM molecular structures before
and after the photocatalysis was confirmed by means of fluorescence spectroscopy. The X-ray fluores-
cence of TiO2 surfaces showed that no significant adhesion of chloride ions onto the TiO2 surface occurred

is.
during SOM photocatalys

. Introduction

A sustainable water supply is one of the most important global
ssues, due to water scarcity and contamination concerns [1].
here are several alternative water resources available, such as
astewater reuse and seawater desalination, which have been
ore affordable and viable, particularly in arid regions across the
orld. Seawater reverse osmosis (SWRO) membrane filtration is

onsidered as a promising technology for seawater desalination,
ut membrane fouling, which was caused by organic matter depo-
ition as well as inorganic precipitation and microbial growth [2–5],
as the major hurdle for the extensive use of SWRO processes [6,7].

There are various methods available to control reverse osmosis
RO) fouling. The addition of chelating agents can prevent the pre-
ipitation of inorganic salts. Dosing disinfectants (e.g., Cl2) inhibits
icrobial growth (i.e., biofouling) on the membrane surface,

lthough chlorine may damage the polyamide RO membranes sig-

ificantly and thereby should be degraded before contact with the
O membrane. Natural organic matter (NOM) in seawater, which
ay deposit on the membrane surface and thus stimulate biofoul-

ng, should be removed in advance. NOM fouling is also the main
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issue in membrane processes for drinking water treatment [8,9]. In
addition, NOM molecules including humic and fulvic acids gener-
ate disinfection byproducts (DBPs) during chlorination in the water
treatment. Thus, activated carbon adsorbents (e.g., powdered acti-
vated carbon) and inorganic coagulants (e.g., alum or FeCl3) have
been synergistically used to sequester NOM that is known to be the
potential membrane foulant as well as DBP precursors [10–12].

Recently, advanced oxidation processes (AOPs) have been
applied for the abatement and mineralization of NOM as well
as hazardous and toxic pollutants in water [13–15]. TiO2 medi-
ated photocatalysis was able to decompose toxins and NOM
present in surface water and wastewater [16–19]. Especially, NOM
fouling was mitigated substantially using a hybridized photocatal-
ysis/membrane reactor, due to the adsorption and degradation of
NOM onto TiO2 particles, although the photocatalyzed NOM was
not degraded as well as the original NOM. Nevertheless, there have
been few reports on the photocatalysis of seawater organic mat-
ter (SOM), where the properties of organic matter and background
water constituents are significantly different from those of surface
water or wastewater.
Therefore, the focus of this study was primarily to investigate
the removal of SOM using a TiO2 mediated photocatalytic mem-
brane reactor (PMR), prior to the RO filtration, while comparing
it with the degradation efficiency of NOM in surface water (e.g.,
lake water). Additional foci were given to evaluate any influence
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http://www.sciencedirect.com/science/journal/10106030
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Table 1
Qualities of seawater sources used.

Parameter Pohang seawater Masan seawater

pH 8.1 8.2
Conductivity (mS/cm) 46.2 50.9
TOC (mg/L) 0.198 2.03
Salinity (‰) 29.2 33.1
UV254 (cm−1) 0.019 0.035
Na+ (mg/L) 6680 14,740
Ca2+ (mg/L) 308 550
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the Pohang and Masan seawater sources, respectively, when the
PMR started operating, and then were maintained at a nearly con-
stant value during the remainder (240 min) of the PMR operation.
In addition, the transmembrane pressure of the PMR remained very
stable at 6.5 and 4.0 kPa (Fig. 3). These results showed that the PMR
K (mg/L) 301 451
Mg2+ (mg/L) 1010 2085
B (mg/L) 3.26 4.39
Silt density index (SDI5) 2.73 >20

nd interference of sea salts on the photocatalysis of SOM and to
dentify the substances that may act as an inhibitor in SOM photo-
atalysis. Various salts, such as NaHCO3, NaCl, KCl, NaNO3, KNO3,
nd Na2SO4, were added to desalted seawater in order to assess the
ffect of each individual salt on SOM photocatalysis.

. Materials and methods

.1. Seawater sources

The two seawater sources tested in this study were collected in
he eastern (City of Pohang) and southern (City of Masan) coasts
f the Korea peninsula. The seawater samples were shipped to the
aboratory and stored in a refrigerator at 4 ◦C. The water samples

ere equilibrated at room temperature for a couple of hours before
se. The key characteristics of both seawater samples are given in
able 1. For the comparison of photocatalytic NOM degradation,
ooncheon Lake (Daegu, Korea) water was also used, after filtering

hrough a 0.45-�m membrane filter to remove colloidal parti-
les in the water. The key characteristics of the Mooncheon Lake
ater were as follows: pH 7.98; UV254, 0.072 cm−1; TOC, 4.91 mg/L;

onductivity, 0.2 mS/cm. Desalted seawater samples with a conduc-
ivity of 25 and 1.0 mS/cm were also prepared by the electrodialysis
f Masan seawater. NaHCO3 was added to the desalted 1.0-mS/cm
eawater to make up the alkalinity, while five different salts, such
s NaCl, KCl, NaNO3, KNO3, and Na2SO4, were added to make up
he lost conductivity when needed.

.2. PMR operation

The laboratory-scale PMR used in this work, which consists

f suspended photocatalysts and 0.4-�m submerged hollow fiber
embranes (KMS, Korea), is shown in Fig. 1. An 8-W black light

lue (BLB) UV lamp (TL8W/08, Hansung, Korea) with a maximum
avelength of 360 nm was placed in the center of the reactor

or the activation of the TiO2 particles. The reactor with a work-

ig. 1. A depiction of the laboratory-scale photocatalytic membrane reactor fol-
owed by RO for seawater desalination.
tobiology A: Chemistry 216 (2010) 215–220

ing volume of 800 mL was designed to operate either in batch or
in continuous modes. 1.0 g/L of TiO2 particles (P25, Degussa) was
added to the reactor filled with seawater and the mixture was well
agitated at 300 rpm during the PMR experiments. The key water
characteristics, such as total organic carbon (TOC) concentration
and UV absorbance at 254 nm, were monitored to evaluate the SOM
degradation efficiency during the TiO2 mediated PMR treatment.
Submerged membrane filtration was performed at a constant flux
mode of 50 L/m2-h and the variation of transmembrane pressure
was monitored to check the fouling behavior.

2.3. Analytical methods

To characterize the quality of feed and treated waters, such as
metals and organic contents, an inductively coupled plasma atomic
emission spectrometer (Optima 2100 DV, Perkin Elmer, USA) and
a TOC analyzer (TOC-V CPH, Shimadzu, Japan) were used. A Hach
4200U UV/VIS spectrophotometer was used to determine the UV
absorbance at 254 nm. The solution pH was measured using a
calibrated portable pH meter (pH 330i, WTW, Germany) and the
conductivity was measured by a conductivity meter (cond 340i,
WTW, Germany). Fluorescence measurements were taken on a
high sensitivity fluorescence spectrometer (FP6300, Jasco, Japan)
at excitation and emission slit widths of 5 nm. Fluorescence spec-
tra were obtained by measuring the emission spectra in the range
from 290 nm to 700 nm at the excitation wavelength of 270 nm,
while filtering the Raman peaks near 550 nm. Fourier transform
infrared (FTIR) spectra were recorded on an FTIR spectrometer (IR
Presige-21, Shimadzu, Japan). An X-ray fluorescence (XRF) spec-
trometer (PW2400, Philips, Netherlands) was used to characterize
the photocatalyst surface.

3. Results and discussion

3.1. Particulate matter removal and fouling control by PMR

To begin with, the removal of particulate matter from the two
seawater sources during PMR treatment was examined and is dis-
played in Fig. 2. The turbidity levels of the membrane permeate
decreased immediately to approximately 0.15 and 0.6 NTU for both
Fig. 2. The variation of permeate turbidity with time in PMR. Photocatalysis started
at the time of 0 min, while only mixing was done during the time between −30 and
0 min.
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Fig. 3. The variation of membrane permeability using seawater in PMR.

reatment was able to remove particles from seawater effectively
ithout any significant sign of membrane fouling.

.2. Evaluation of the photocatalysis of NOM and SOM

The SOM degradation efficiency was monitored during the TiO2
ediated PMR treatment of Pohang and Masan seawater. Fig. 4

hows the variation of TOC concentration and UV254 absorbance
f permeate with time in the PMR treatment. Unexpectedly, the
OC level remained unchanged for both seawaters during the 240-
in reaction, although approximately 60% of the UV254 absorbance

f Masan seawater was removed. Since the UV254 absorbance is a
urrogate parameter to assess the content of aromatic moieties in
OM molecules, the above results revealed that SOM was partially
xidized by photocatalysis, but not mineralized at all. Regarding
he removal of NOM in the surface water, a control test with Moon-
heon Lake water was conducted with the same PMR under the
ame hydraulic and photocatalytic operating conditions, and the
esults are shown in Fig. 5. Substantial removals (>80%) of TOC and
V254 absorbance were achieved within 240 min of reaction time,
hich was considerably different from the results of Fig. 4.
Thus, the following two hypotheses were raised to answer
hy SOM was not photocatalytically mineralized: (1) the chem-

cal structure of SOM molecules is different from fresh water NOM
eing less amenable to photocatalysis; (2) background seawater

ig. 4. The variation of TOC concentration and UV254 absorbance with reaction time
n PMR treatment of seawater. C0 and Ct represent the TOC concentration at the time
f 0 min and t, respectively, while A0 and At represent the UV absorbance at the time
min and t, respectively.
Fig. 5. Photocatalytic degradation of NOM from Mooncheon Lake water.

constituents, such as sea salts, may interfere with SOM photocatal-
ysis. Detailed investigations on which factor was responsible for
the inhibited SOM photocatalysis were conducted and discussed in
the subsequent section.

3.3. Effects of sea salts and alkalinity on SOM photocatalysis

To evaluate the effect of sea salts on the photocatalysis of SOM
during PMR treatment, seawater was first desalted using an elec-
trodialysis system while maintaining the organic matter content
in the same level. Fig. 6 shows the variation of TOC and UV254
absorbance with time after the conductivity level of Masan sea-
water was reduced to 1.0 mS/cm by electrodialysis. It was found
that PMR was able to degrade a substantial amount of SOM at
lower conductivities, i.e., approximately 80% of TOC was removed
within 240 min when desalted. The lower the water conductivity,
the greater the SOM removal efficiency was. Additional characteri-
zation of SOM before and after photocatalytic treatment was carried
out via fluorescence measurements (Fig. 7). The fluorescence spec-
tra revealed that the photocatalysis of SOM molecules shifted the
emission peak maxima toward a shorter wavelength, even though
they were not mineralized in the presence of a large amount of
sea salts. Particularly, the photocatalysis of the desalted seawater
sample caused a substantial increase in fluorescence intensity at
∼325 nm. These results indicated that SOM molecules underwent a
disintegration of aromatic rings or conversion to smaller fragments
[20,21]. This coincided with the UV254 absorbance data of decreased
aromaticity of SOM after photocatalysis (see Figs. 4–6). FTIR spectra
showed the presence of C O stretching bands (∼1650 cm−1) corre-
sponding to carboxyl groups in SOM, but there were insignificant
changes before and after the photocatalysis (data not shown). The
above results implied that background seawater constituents (e.g.,
salts) played a key role in obstructing the photocatalytic degrada-
tion of SOM.

Since it has been known that carbonate species in water, such
as CO3

2− or HCO3
−, may act as a scavenger of OH radical [22], the

alkalinity effect on SOM photocatalysis was examined (Fig. 8). For
this experiment, seawater was first electrodialyzed to 1.0 mS/cm in
conductivity and then its alkalinity was re-adjusted to the original
level of 150 mg/L as CaCO3. With the alkalinity amendment, the
TOC removal efficiency decreased by 13% as compared to that of

desalted water with a conductivity of 1.0 mS/cm and no alkalinity,
which was not considered that significant. Hence, it was thought
that the existence of carbonate species was not the main cause for
the significantly reduced photocatalysis of SOM with the original
seawater.
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ig. 6. The effects of sea salt levels on the photocatalysis of Masan seawater: (a) TOC;
b) UV254 absorbance. Seawater was desalted by electrodialysis while maintaining
he organic matter content in the same level.

.4. Identification of interfering ionic species and role of chloride
ons
In order to identify the interfering ionic species with SOM
hotocatalysis, five different salts, such as NaCl, KCl, NaNO3,
NO3, and Na2SO4, were added to the desalted 1.0-mS/cm sea-
ater while raising the water conductivity to the original level of

ig. 7. The variation of fluorescence emission spectra before and after the 240-min
hotocatalysis of 50- and 1.0-mS/cm seawater samples.
Fig. 8. The effects of alkalinity on the photocatalysis of Masan seawater. Seawater
was first electrodialyzed to 1.0 mS/cm and then its alkalinity was re-adjusted to the
original level of 150 mg/L as CaCO3 using NaHCO3.

50 mS/cm. Since some anions exist in natural water, such as chlo-
ride and nitrate, can disturb photocatalytic degradation reactions
for organic compounds [23], the ionic effects on SOM photocatalytic
degradation were investigated (Fig. 9). Although nitrate and sulfate
ions affected the SOM photocatalysis efficiency slightly, depending
on cations, and chloride ions had the greatest impact on it. With
chloride ions added, the TOC removal efficiency was below 10%
after 240-min photocatalysis.

Although chloride ions had a negative effect on the photocataly-
sis of various compounds in previous reports as well as in our study
[24–27], there have been some contradictory findings that the pho-
tolytic reaction to decompose organic matter was not influenced by
chlorine ions [28]. To confirm the chloride ion effect in this study,
another photocatalysis experiment, after eliminating chloride ions
by the addition of excess AgNO3 in advance, was conducted (data
not shown). Substantial TOC removal (>50%) was still achieved,
which supported the fact that chloride was the major species that
inhibited SOM photocatalysis.

In addition, the variation of chloride ion concentration with time

during the PMR treatment was monitored and is shown in Fig. 10.
The concentration of chlorine ions in the seawater decreased by
approximately 2 mM during photocatalysis, which corresponds to a
significant reduction of chloride ions. The disappearance of chloride

Fig. 9. TOC removal efficiencies of seawater samples electrodialyzed and modified
with dosing different types of salts.
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Fig. 10. Monitoring of chloride ions during seawater photocatalysis.

Table 2
The XRF analysis of the surface of TiO2 photocatalysts.

Compound Concentration (%)

SiO2 <0.001
P2O5 <0.001
SO3 <0.001
Cl <0.001
K2O <0.001
CaO 0.323
TiO2 99.5
Fe2O3 <0.001
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CuO <0.001
ZnO 0.2
SrO <0.001
Rh <0.001

ons could be explained as follows. Chloride ions may attach to the
urface of the TiO2 particles while covering the active reaction sites,
ut the XRF analysis exhibited no adhesion of chloride ions on the
iO2 surface during SOM photocatalysis (Table 2). In addition, used
nd fresh TiO2 particles showed the same TOC removal efficiency
f desalted water (data not shown). Rather, chlorine ions may serve
s a scavenger to •OH radicals while hindering the enhanced oxi-

ation of SOM. Possible scavenging of such radical reactions by
hloride ions during SOM photocatalysis is illustrated in Fig. 11.
alence band holes and •OH radicals should competitively par-

icipate in the oxidation process in the presence of chloride ions.
hlorine radical anions, preferentially produced by the transfor-

ig. 11. An illustration of possible scavenging reactions of radicals by Cl− ions during
eawater photocatalysis. OH radicals and valence band holes can oxidize OM, but
ere not presented here. CB, VB, and OM stand for conduction band, valence band,

nd organic matter, respectively.
tobiology A: Chemistry 216 (2010) 215–220 219

mation of chloride ions on the TiO2 surface, could be primarily
involved in the oxidative chlorination of SOM molecules. It is pos-
sible that they can partially oxidize the organics, even though their
oxidizing power is less than that of the •OH radicals. This reac-
tion might have caused the reduction of chloride ions and UV
absorbance as well as the blue-shift of the fluorescence during SOM
photocatalysis.

4. Conclusions

The present study investigated photocatalytic membrane reac-
tor treatment of seawater with respect to SOM removal efficiency
and fouling control. The turbidity removal was significant and sta-
ble without any sign of membrane fouling. Although TiO2 mediated
photocatalysis achieved a substantial degradation of NOM present
in fresh water (80% of lake NOM was removed within 4 hours), but
unexpectedly, no SOM was decomposed by the same system. To fig-
ure out this discrepancy in photocatalysis between NOM and SOM,
the salt level of seawater was altered by electrodialysis and the
effects on SOM photocatalysis were examined. When the seawater
conductivity was reduced down to <1.0 mS/cm, the SOM removal
efficiency was improved substantially, almost as high as that of
NOM in the lake water (∼80% TOC was removed). It was believed
that ionic species in seawater might interfere with SOM photo-
catalysis. However, the fluorescence spectra revealed that SOM
molecules were attacked photocatalytically even in the presence
of sea salts, though not mineralized. To identify what ionic species
act as an inhibitor on photocatalysis, five different salts, such as
NaCl, KCl, NaNO3, KNO3, and Na2SO4, were added to the desalted
seawater while re-adjusting the water sample’s conductivity to
the same level as the original seawater (i.e., ∼50 mS/cm). When
the photocatalytic degradation efficiency of SOM was evaluated
with those water samples, chloride-containing water samples had
a very low SOM removal efficiency (<10%). Consequently, it could
be contemplated that chloride ions in seawater were responsible
for scavenging photoinduced radicals (e.g., hydroxyl or superox-
ide radicals) from the TiO2 surface, limiting the destruction of SOM
molecules by photocatalysis.
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