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bstract

A hybrid system combining a low-pressure submerged membrane module and a photocatalyst suspension was used to purify water containing
isphenol-A (BPA). The influences of pH, aeration rate, titanium dioxide (TiO2) and initial BPA concentration were investigated in batch kinetic
ests. In these studies, a combination of pH 4, 0.5 g/L TiO2 and 0.5 L/min aeration rate were determined to be the optimized conditions for application
n the continuous submerged membrane photocatalytic reactor (SMPR). The effect of initial BPA concentration in the range of 5–50 ppm fits the
angmuir–Hinshelwood (L–H) kinetics well. With 100 L/(m2 h) of permeate flux which resulted in 2 h residence time, 97% degradation and

igher than 90% mineralization of the 10 ppm BPA were achieved after 90 and 120 min, respectively. The effect of filtration flux and intermittent
ermeation were also studied in terms of production rate of treated water, efficiency of the SMPR and membrane performance sustainability. A
imple CSTR model had limited success predicting the effect of initial concentration of BPA on the performance of the SMPR. The SMPR has the
otential to be used for removing low concentrations of organic pollutants in a more cost effective way.

2006 Published by Elsevier B.V.
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. Introduction

Titanium dioxide (TiO2) photocatalysis has become a very
ctive field of research [1–3]. When incident photons of a wave-
ength less than 385 nm are absorbed by TiO2, electrons are
romoted from the valence band to the conduction band. This
xcitation brings electrons to the conduction band and leaves
ositive holes in the valence band. The holes are strongly oxidiz-
ng and are capable of oxidizing many adsorbed organics and/or
o produce hydroxyl radicals from adsorbed water molecules
or further oxidation reactions. However, these charge carriers
ay also recombine thus reducing the overall efficiency of the

hotocatalytic process.
Although TiO2 is known to be a good photocatalyst in terms
f its photoactivity, physical and chemical stability, the recov-
ry of the sub-micron sized photocatalysts remains the main
ngineering concern for large-scale applications. Immobilizing

∗ Corresponding author. Tel.: +65 67943801; fax: +65 6792 1291.
E-mail address: agfane@ntu.edu.sg (A.G. Fane).
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articulate TiO2 on a substrate could eliminate the need for parti-
le recovery, however, catalyst immobilization usually impedes
ass transport [2]. For the suspended photocatalyst system,

everal attempts have been made to facilitate the recovery of
articulate catalysts which include improving the aggregation
f TiO2 through pH adjustment [4] and enhancing the separa-
ion of TiO2 in a magnetic field by coating it onto magnetic
articles [5]. These methods enhance sedimentation and thus
acilitate the recovery of the catalysts in a batch process. Nev-
rtheless, a limitation to these methods is that the treated water
annot be withdrawn continuously during the oxidation process
ithout losing any TiO2 catalysts.
Membrane technology could improve the implementation of

he photocatalytic oxidation (PCO) process by enhancing the
eparation of particulate TiO2 from the treated water. In this
ase, a higher throughput of treated water may be achieved.
olinari et al. [6,7] and Sun et al. [8] have attempted to com-
ine photocatalysis and membrane technologies into a single
odule. Molinari et al. [6] demonstrated the degradation of

umic acid, organic dyes and 4-nitrophenol using a hybrid
hotocatalytic–nanofiltration unit operating at a system pressure

mailto:agfane@ntu.edu.sg
dx.doi.org/10.1016/j.cej.2006.11.008
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Table 1
Bisphenol-A characteristics

Chemical name Bisphenol-A (BPA)

Molecular formula C15H16O2

Molecular weights (g/mol) 228
Solubility at 22 ◦C (mg/L) 120–300
Vapour pressure at 25 ◦C (mmHg) <1
Density at 22 ◦C (g/cm3) 1.195

Chemical structure
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branes made of polyvinylidene fluoride (PVDF) were supplied
4 S.S. Chin et al. / Chemical Eng

f 6 bar. In their study, the use of nanofiltration (NF) mem-
rane was to retain both the photocatalysts and the organics in
he system during the photocatalytic reaction. However, smaller

olecular size intermediates that formed during the photocat-
lytic process were still able to pass through the nanofiltration
embrane, which lowered the overall efficiency. Sun et al.

8] reported the deactivation of Escherichia coliform (E. coli)
y using a combination of an inorganic-based ceramic mem-
rane and a composite TiO2-Fe2O3 photocatalyst. Their results
howed that deactivation of the E. coli was as high as 99%.

The membrane options for use with photocatalytic reac-
ion include high-pressure NF as used by Molinari et al. [6],
r low-pressure membranes such as micro- and ultrafiltration
MF and UF). NF has the advantage of retaining low molecular
eight species but the low-pressure MF and UF have an energy
enefit over NF and can be used as submerged membranes.
ubmerged membranes are now widely used in membrane biore-
ctors (MBR) owing to the recognized advantages of lower
ost of fabrication and maintenance [9,10]. The key features
f the submerged membrane module include air bubbling as
he main mechanical method to provide membrane cleaning
ction and suction to withdraw the permeate from the system to
revent overpressure of the reactor. The non-pressurized open
ystem also reduces the overall operating cost of the submerged
embrane system. Fu et al. [11] have described a submerged
embrane photocatalytic reactor (SMPR) for the degradation

f fulvic acid. The reactor consisted of two compartments for
ltration and photocatalytic oxidation. An ‘in-house’ synthe-
ized TiO2 was used and was reported to enhance separation
f TiO2 and to maintain high flux of filtrate due to the larger
article size compared to Degussa P25. It was also shown that
removal of 73% of total organic carbon (TOC) was achieved
ithin 2 h of UV irradiation.
To the best of our knowledge, the study of SMPR for water

urification is limited. Hence, the objective of this paper is to
nvestigate the influence of different operating parameters on the
emoval of a trace organic, bisphenol-A (BPA) in a SMPR. The

MPR used in this study consisted of a low-pressure submerged
ollow fibre membrane module which was in direct contact with
he photocatalytic oxidation medium. Selection of membrane

b
d
o

Fig. 1. Schematic diagram of the batch
aterial based on our previous work allowed the integration of
he membrane module and the photoreactor [12]. The effects of
H, concentration of TiO2 and aeration rate were first inves-
igated in a separate batch photocatalytic reactor in order to
etermine the optimum degradation conditions. The optimized
onditions were then used in a continuous SMPR to study the
ffects of initial BPA concentration and filtration flux. The pos-
ibility of using intermittent permeation to control fouling of the
embrane was also investigated.

. Experimental

.1. Materials and analytical measurements

The P25 TiO2 used for the experiments was supplied by
egussa AG, Germany. High purity BPA (Merck-Schucharatt)
as used and the physical and chemical characteristics of BPA

re shown in Table 1. The pH of all suspensions was adjusted
sing sodium hydroxide and perchloric acid. Purified air was
sed as a source of oxygen in this study. Unless otherwise
tated, all solutions were prepared using Millipore MilliQ (MQ)
ater with a resistivity of 18.2 M� cm. The microfiltration mem-
y Bluestar China, with an average pore size of 0.2 �m and outer
iameter of 1 mm. The choice of PVDF membranes was based
n our previous studies [12].

photoreactor experimental setup.
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.2. Batch photocatalytic reactor

Batch photocatalytic tests were carried out in a photoreac-
or made of borosilicate glass (Fig. 1). UV-A irradiation was
rovided by four 8 W black light fluorescent lamps (NEC FL8
L-B) located on the four sides of the photoreactor. The lamps
sed had an emission of wavelengths from 300 to 420 nm with
peak at 355 nm. An 800 mL of TiO2 suspension was prepared
y adding pre-determined amounts of TiO2 and BPA followed
y pH adjustment using perchloric acid and sodium hydroxide.
he concentration of TiO2 was varied from 0.2 to 2 g/L and the
oncentration effect was studied at three different pH values of
, 7 and 10. The final solution, containing 10 ppm BPA, was
onicated for 10 min before charging into the photoreactor. In
ll experiments, the initial concentration of BPA was kept at
0 ppm unless otherwise stated. The air bubbling in the system
as supplied by a purified air cylinder and distributed through a

eramic bubble diffuser. The effect of aeration rate was studied in
he range of 0.2–5 L/min (superficial gas velocities of 2.9 × 10−4

o 5.9 × 10−4 m/s). For the study of bubble cloud effects, one of
he 8 W UV-BLB lamps was switched on. The incident light
ntensity, with or without aeration, was then measured using a
adiometer (International Light PMA 2200) with an UV-A sen-
or (PMA 2110) at the wall of the photoreactor (opposite to
he lighted lamp). In this way, light transmission through the

Q water in the 65 mm diameter photoreactor was measured.
amples at predefined time were taken, filtered through 0.22 �m
lters and analyzed accordingly with different techniques (see
ection 2.5). The TiO2 particle size distributions at different
eration rates were measured at the end of each experiment.
.3. Submerged membrane-photocatalytic reactor

The schematic diagram of the submerged hollow fibre micro-
ltration system is shown in Fig. 2. It consists of a borosilicate

t
i
t
s

Fig. 2. Schematic diagram of the continuous submerg
ing Journal 130 (2007) 53–63 55

lass photoreactor, similar to the one used in the batch kinetic
ests, together with a portable hollow fibre membrane module
aving an effective area of 4.1 × 10−3 m2 placed in the centre.
t should be noted that in this system, the membrane module
as submerged in the reactor and not in a separate chamber,
nlike Fu et al. [11]. This approach should provide a more com-
act system, but requires careful selection of membrane material
12] as noted earlier. During the experiments, a constant flux of
00 L/(m2 h) permeate was withdrawn from the system through
he suction provided by a peristaltic pump. The transmembrane
ressure (TMP) in all experiments was measured by an online
ressure gauge on the permeate line. A level sensor was used
o control the feed rate of 10 ppm BPA solution to the system
n order to keep the total volume of the reactor constant. Sam-
les at predefined times were taken from the permeate line and
nalyzed for BPA and total organic carbon concentrations. The
ffect of permeate flux (40, 60 and 100 L/(m2 h)) on the degra-
ation of 20 ppm of BPA solution was conducted by changing
he permeate pump settings accordingly. The effect of different
onstant feed concentration of BPA at 10, 20 and 50 ppm was
lso studied.

.4. Membrane adsorption and residence time distribution
RTD) tracer tests

The determination of membrane adsorption was performed
sing a pulse input tracer test in the SMPR reactor as shown
n Fig. 2, with or without the membrane module. Initially, MQ
ater was continuously drawn through the membrane module
efore a certain amount of BPA was injected to the reactor as
pulse input. The injected BPA was immediately mixed in
he system by the 0.5 L/min of bubbling provided. After the
ntroduction of the BPA, the inlet of the MQ water to the sys-
em was stopped so that the concentration of the BPA in the
ystem was fixed at 10 ppm after the dilution of the injection.

ed membrane photoreactor experimental setup.
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Table 3
The rate of degradation of 10 ppm of BPA under different TiO2 concentra-
tion conditions (initial BPA concentration = 10 ppm, pH unadjusted, aeration
rate = 1 L/min)

TiO2 concentration (g/L) Initial degradation of
BPA (mg/(L min))

0.2 0.220
0.5 0.264
1
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he corresponding BPA concentration was then taken from the
ank and at the permeate line after a predetermined time. For the
etermination of the residence time distribution of the SMPR
ystem, a sodium chloride tracer test was performed and the pro-
edure was similar to the above except that the MQ water was
ontinuously sent to the system after injection of the sodium
hloride. Sodium chloride instead of BPA was used in the RTD
est in order to avoid membrane adsorption issue.

.5. Analytical methods

The concentration of BPA in samples was measured using
high performance liquid chromatograph (Waters Alliance)

nterfaced with a photodiode array detector. The separation
as carried out by a Waters Xterra RP18 HPLC column

3.9 mm × 150 mm, 5 �m) with a mobile phase consisting of
0% water and 50% acetonitrile. The TOC present in the sam-
les was determined by a TOC analyzer (Shimadzu TOC-VCSH).
he concentration of sodium chloride was determined using ion
hromatography (Shimadzu LC-10Ai). The particle size distri-
ution and turbidity of samples were measured by a Brookhaven
etaPals particle sizer and a HACH 2100AN IS turbidity meter,

espectively. The TOC contributed by the BPA was calculated
sing Eq. (1).

OCBPA =
(

Number of carbon × Mr Carbon

Mr BPA

)
× Co (1)

here Mr is the molecular weight and Co is the initial concen-
ration of organics used in the experiment.

. Results and discussion

.1. Batch photocatalytic reactor

.1.1. Influence of initial pH
The initial degradation rates obtained at different pH are

hown in Table 2. As observed, the degradation rate at pH 4 was
bout two times the rate at pH 10. Acidic conditions favour the
egradation of BPA and this finding agrees with those reported
y Watanabe et al. [13] and Chiang et al. [14]. The point of
ero charge (pzc) of Degussa P25 TiO2 particles is around pH
.3, hence the TiO2 surface should be positively charged under

cidic media. From the simulation of molecular point charges
f all the non-hydrogen atoms in BPA, it is found to possess two
egative oxygen atoms at the hydroxyl groups and four negative
arbon atoms ortho to the phenolic group [13]. It is thus expected

able 2
he rate of degradation of 10 ppm of BPA under different pH conditions

TiO2 concentration = 0.5 g/L, initial BPA concentration = 10 ppm, aeration
ate = 1 L/min)

H Initial degradation of
BPA (mg/(L min))

H 4 0.225
H 7 0.187
H 10 0.124

n
r
i
s
f
1
r
t
t
a
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p

l

.0 0.235

.0 0.240

hat attractive forces are developed between the substrate and the
iO2 surface, resulting in high adsorption in acidic medium. The
apid adsorption is expected to enhance the degradation of BPA
ince photocatalytic oxidation is a surface-oriented reaction. As
he pH increases, the TiO2 surface becomes progressively more
egative which leads to the development of greater repulsive
orces between the TiO2 surface and the adsorbate, and therefore
etardation of degradation of BPA.

.1.2. Influence of TiO2 concentration
In the present study, it was found that the optimum TiO2

oncentration to be used for the degradation of 10 ppm of BPA
as 0.5 g/L (Table 3). 0.2 g/L of TiO2 resulted in the slowest

eaction rate and this may be due to the fact that there were
esser active sites available for the adsorption and degradation
f BPA. Beyond 0.5 g/L, adverse effects on the degradation
ate of BPA can be observed. Although the total surface area
vailable for reaction was higher in the 2 g/L test compared
o the 0.5 g/L test, the initial reaction rate was found to be
ower (0.240 mg/(L min) compared to 0.264 mg/(L min)). The
ecrease in efficiency might be attributed to light scattering of
V light by the TiO2 particles themselves [15].

.1.3. Influence of aeration rate
Aeration is important for both the separation process by sub-

erged membranes and the oxidation reaction in photocatalytic
rocesses. The former process requires mechanical agitation
rom aeration in order to reduce the fouling of the membrane
urface as well as to keep the TiO2 well-suspended in the solu-
ion; whereas, the latter process requires dissolved oxygen to
ct as an oxidant and to slow down the electron–hole recombi-
ation reaction. Fig. 3 shows that the initial photodegradation
ate increased with increasing bubbling rate and reached a max-
mum value at a bubbling rate of 0.5 L/min beyond which a
light decrease in the degradation rate was observed. Taking a
urther look at the inset in Fig. 3, it can be seen that though 0.5,

and 4 L/min had different initial degradation rates, all tests
emoved BPA completely by 60 min of illumination time. This
rend of results was reproducible. Lee et al. [16] who performed
heir experiment in a fluidized photocatalytic reactor reported

similar observation. In their experiment, bubbling enhanced

he photodestruction of Methyl Orange and its effect reached a
lateau above 2 L/min.

In a bubbling system, aeration can affect the size of cata-
yst aggregates. The effect of aeration on the size distribution
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Fig. 3. Photodegradation of BPA as function of different aeration rate (TiO2 concentration = 0.5 g/L, initial pH 4, initial BPA concentration = 10 ppm).

Table 4
Average particle size of TiO2 at different aeration rate (initial pH 4, TiO2

concentration = 0.5 g/L)

Aeration rate (L/min) Mean particle size (nm)

0.2 757 ± 147
0.5 477 ± 49
1
4

o
a
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r
w
l
s
T
t
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d
t

Table 5
Intensity of light measured with different bubbling rate

Aeration rate (L/min) Light intensity (mW/cm2)

No bubbling 1.22
0.2 1.20
0.5 1.08
1
4

b
t
o
w
a
t
b
t
i
t

.0 491 ± 52

.0 309 ± 32

f the TiO2 particles is shown in Table 4. It can be seen that
fter 1.5 h of aeration at 0.2 and 4 L/min, the average diameters
d50) of TiO2 were found to be 0.75 ± 0.15 and 0.31 ± 0.03 �m,
espectively. Higher aeration rates produced greater shear rates
hich disintegrated aggregated particles. Additionally, with

esser agglomeration occurring, a higher surface area on the
maller particles might be available for the degradation of BPA.
his explains why 0.2 L/min resulted in the slowest degrada-

ion rate as observed in Fig. 3. Similar negative effect of TiO2
articles agglomeration on the photocatalytic activity was also

eported by Soparajee et al. [17].

Increasing bubbling not only resulted in smaller particles as
iscussed before, but can also increase the liquid film mass
ransfer coefficient around the aggregates [18]. It should then

a
i
m
p

Fig. 4. Bubbles resulted from: (a) 0.5 L/m
.0 0.89

.0 0.60

e expected that increasing bubbling rate will increase the pho-
odegradation rate. However, in our system, no enhancement
f photodegradation rate was observed beyond 0.5 L/min. This
as probably due to the presence of bubble clouds that could

ttenuate UV light transmission in the photoreactor. As illus-
rated in Fig. 4, dense bubble clouds were formed during 4 L/min
ubbling. The light intensity through the 65 mm diameter pho-
oreactor was measured and found to decrease as bubbling rate
ncreased (Table 5). Light intensity at 4 L/min was only 55% of
hat at 0.5 L/min. Though this measurement does not show the

bsolute value of the light intensity in the system, it confirms the
dea of possible light attenuation by bubble clouds. Thus, this

ay explains the plateau observed as aeration increases. The
ossibility of bubbles ability to scatter light was also studied

in and (b) 4 L/min of aeration rate.
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Fig. 5. Influence of initial concentration of BPA (TiO2 concentration = 0.5 g/L,

Table 6
Reaction rate constant for different initial concentration of BPA (TiO2 concen-
tration = 0.5 g/L, initial pH 4, aeration rate = 0.5 L/min)

Initial concentration of BPA k (min−1)

10 0.0569
20 0.0223
3
5

b
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o

3
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0 0.0160
0 0.0104

y Emets et al. [19] and Szymanski [20]. The balance of the
ompeting mass transfer and light attenuation effects leads to an
ptimal bubbling rate, 0.5 L/min in this study.

.1.4. Influence of initial concentration of BPA
Fig. 5 shows the effect of initial concentration of BPA

n the photodegradation rate of BPA. The quasi-exponential
ecay observed during the photodegradation (Fig. 5) indicates

seudo-first order kinetics, which is strongly dependent on
he initial concentration of BPA. Table 6 shows the rate con-
tants at different initial concentration of BPA. It can be seen
hat the rate constant decreased with increasing concentration.

t

ig. 6. Degradation and mineralization ratio of 10 ppm of BPA concentration (TiO2 co
eration rate).
initial pH 4, BPA feed concentration = 10 ppm, 0.5 L/min aeration rate).

angmuir–Hinshelwood (L–H) is a common model used to
escribe the influence of the initial concentration of substrate
n the photocatalytic degradation rate of organic compounds
21]. The L–H model assumes that once the saturation point is
eached, no further adsorption can occur. It is also assumed that
here is no competition from reaction byproducts for the active
ites. The simplest representation of the L–H model for the rate
f disappearance of BPA is given by:

o = −dC

dt
= krKCo

1 + KCo
(2)

here ro is the initial rate of disappearance (mg/(L min)) of
PA and Co (mg/L) is its initial concentration. K represents the
seudo-equilibrium constant related to monolayer adsorption
nd kr reflects the limiting reaction rate at maximum coverage
or the experimental conditions. A linear expression is obtained
hen inverse initial rate is plotted against inverse initial concen-
ration.

1

ro
= 1

kr
+ 1

krK
× 1

Co
(3)

ncentration = 0.5 g/L, initial pH 4, BPA feed concentration = 10 ppm, 0.5 L/min
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Fig. 7. Pulse tracer test for determination of permeate delay cau

The kinetics of the different concentrations of BPA in the
ange of 5–50 ppm fitted well to the L–H model (R2 = 0.983) giv-
ng kr = 0.476 mg/(L min) and K = 0.044 L/mg. The Langmuir–
inshelwood model has also been used extensively to describe

he degradation of Auramine O [22] and phenol [3]. This type
f reaction kinetics suggests that adsorption plays a key role in
he photocatalytic degradation mechanism.

.2. Degradation of BPA in submerged membrane
hotocatalytic reactor

Fig. 6 shows the degradation and mineralization efficiencies
f BPA using the continuous SMPR. The pH, TiO2 concen-
ration and aeration rate were fixed at values of 4, 0.5 g/L and
.5 L/min, respectively, in this series of experiments. A differ-
nce between the initial values of BPA and TOC was due to the
act that 79% by weight of BPA was organic carbon, i.e. 10 ppm
PA consists of 7.9 ppm of TOC (Eq. (1)). The permeate flux of

ig. 6 was kept at 100 L/(m2 h) which was equivalent to a BPA
esidence time of 2 h. This flux was chosen based on 95% min-
ralization of 10 ppm of BPA (1.5 h) in the batch degradation
tudy.

t
a
t
t

Fig. 8. TMP change for continuous 100 L/(m2 h) and intermittent pe
y adsorption of BPA on PVDF membrane (flux 100 L/(m2 h)).

From determination of the permeate quality by turbidity and
article size distribution measurements, the PVDF-MF mem-
rane was found to be able to retain all TiO2 particles. The
oncentration of BPA was reduced by 97% after 90 min of illumi-
ation and remained at this value until the end of the experiment
Fig. 6). It was observed that the permeate and the bulk concen-
ration in the tank during the continuous photocatalysis process
ere different at the initial stage. The permeate BPA concentra-

ion was always higher than the bulk concentration until about
0 min. This could be due to adsorption/desorption of BPA on
he membrane [23].

Separate pulse input tracer tests using BPA were conducted
o confirm the possible adsorption of BPA on the membrane
Fig. 7). Without the presence of membrane, BPA took about
min to reach the same concentration as the tank value.
he 2 min delay was calculated, using the permeate flow rate

6.7 mL/min) and permeate dead volume (13 mL), to be the
ime necessary for BPA to travel from the tank to the end of

he sampling tube. However, when the membrane module was
dded, it took about 22 min for BPA to reach the tank concen-
ration which indicates that the 10 ppm BPA bulk in the tank
ook about 20 min to adsorb and saturate the membrane surface

rmeation operation (intermittency of 2 min close/5 min open).
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nd the pores. These tests verified BPA adsorption on the PVDF
embrane.
Before the start of any photocatalytic reaction, the continu-

us system was operated for 1 h in the dark so as to ensure that
he system was in a steady state (inlet = tank = outlet BPA con-
entration). During this period of time, BPA would have been
dsorbed on either the membrane surface or the membrane pores.

hen the UV lights were switched on, BPA concentrations in
he bulk decreased continuously. BPA already adsorbed would
e released and eluted when the lower concentration bulk solu-
ion permeated through the membrane thus resulting in higher
ermeate concentration as observed in Fig. 6. The discrepancy
etween the tank and permeate concentration ceased when the
STR reaction reached a steady state at about 90 min.

One of the potential advantages of applying photocatalysis for
he decontamination of water is the ability of this process to pho-
omineralize all organic components, including target substrates
nd any intermediates formed. The destruction of intermedi-
tes is critical since some of the intermediates generated during
he degradation of BPA could be more toxic than the parent
ompound, especially at low pHs [14]. At 60 min of Fig. 6, the
oncentration of TOC was about 3 ppm while the concentration
f BPA was about 1.6 ppm, equivalent to TOC of 1.26 ppm. The
ifference between the concentration of TOC and BPA concen-
rations indicates the presence of intermediates during the PCO
eaction. The SMPR process achieved 97% removal of BPA and
3% removal of all TOC at steady state.

Although a flux of 100 L/(m2 h) in the SMPR allowed a high
nd continuous removal of BPA, some fouling of the membrane
as observed at this flux. The TMP of the membrane steadily

ncreased over the experiment to about 12.5 kPa from the initial
0 kPa as shown in Fig. 8.

There are several ways to alleviate fouling, for example by
owering the imposed flux or increasing aeration. However,

ncreasing aeration would result in higher energy consumption
nd could also attenuate UV transmission as discussed earlier.
herefore, in order to maintain the high flux operation at low aer-
tion rate, the effect of intermittent permeation was investigated

c
s
C

ig. 9. Comparison of the TMP change, TOC degradation and production of water
%) = 100 × (initial TMP − final TMP)/initial TMP; efficiency of TOC degradation (
ater (%) = 100 × volume of water at the designated flux/volume of water at 100 L/(m
ing Journal 130 (2007) 53–63

nd the results are shown in Fig. 8. In this case, the permeation
as closed for 2 min for every 5 min open. The choice of 2 min

losed and 5 min open was arbitrary and further optimization is
lanned. When suction was stopped and no permeate was col-
ected, there was a period for the aeration to exert shear on the

embrane surface to facilitate the detachment of TiO2 parti-
les. This prevented an accumulation of TiO2 particles on the
embrane. The advantages of intermittent permeation to con-

rol fouling have also been reported by Howell et al. [10] and
ong et al. [24] during the operation of submerged membrane

ystems.
The intermittence frequency (IF) is defined as the ratio of

he off time to on time. From a practical point of view, a lower
F would mean a higher production of purified water. Although
he intermittent operation of 2 min off and 5 min on was shown
o reduce the fouling tendency of the membrane as indicated in
ig. 8, it resulted in a decrease in water production by about
0% (Fig. 9, IF = 0.4). Therefore, an experiment with IF of 0.1
1 min close, 10 min open) was carried out.

It is worth noting that the TOC mineralization with an IF of
.1 was similar to that obtained with an IF of 0.4 and with contin-
ous operations, i.e. 97% BPA reduction at 250 min (Fig. 9). The
ater production rate with IF of 0.4 and 0.1 are approximately
0 and 90% with respect to continuous production rate. Reduc-
ng the intermittence frequency from 0.4 to 0.1 has increased
he water production rate by about 20%. Most importantly, it
as found that the TMP of the system was decreased by five-

old with an IF of 0.1 compared to the continuous operation. As
ransmembrane pressure is proportional to the filtration energy
ost [25], intermittent operation would reduce the operating cost
f the continuous SMPR.

.3. Importance of residence time
Filtration flux in a membrane separation–reaction process
ontrols the mean residence time of the organic substrate in the
ystem (assuming the membrane has zero retention of substrate).
ontrol of residence time enables good degradation efficiency

between continuous and intermittent permeation operation. [Change in TMP
%) = 100 × (initial TOC − final TOC)/initial TOC; efficiency of production of

2 h).]
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Fig. 10. Mineralization efficiency of 20 ppm of BPA by different permeate flux (TiO2 c
aeration rate).

Table 7
Experimental conditions with different filtration fluxes (TiO2 concentra-
tion = 0.5 g/L, initial pH 4, initial BPA concentration = 20 ppm, aeration
rate = 0.5 L/min)

Filtration flux (L/(m2 h)) Residence time (h)

40 4.87
60 3.25

1

f
t
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r
t
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r

(

t
p
t
a
i
s
c

3

s
(
4
t
r
t
formance of BPA. The design equation in an isothermal stirred

F
r

00 1.95

or higher concentration of organic substrate. Table 7 shows
he relationship of filtration flux with residence time and the
oncentration of organic matter in the permeate. It is shown in
ig. 10 that longer retention times, i.e. slower permeate flux,
esulted in better TOC removal efficiency. This was because
he longer residence time had allowed more contacts between
PA and TiO2 for oxidation to take place in the SMPR. A flux
f 60 L/(m2 h) was deemed a better choice for achieving high

emoval rate (90%) of 20 ppm of BPA.

As expected, the lower filtration flux also led to less TMP rise
Fig. 11). When the flux rate was maintained at 40 or 60 L/(m2 h),

t

C

ig. 11. Effect of different filtration flux on the TMP development (TiO2 concentrati
ate).
oncentration = 0.5 g/L, initial pH 4, BPA feed concentration = 20 ppm, 0.5 L/min

he amount of TiO2 particles retained on the membrane surface
er unit time was lower than that seen at 100 L/(m2 h). In addi-
ion, the applied aeration rate of 0.5 L/min was able to exert
dequate shear rate on the vicinity of the membrane and to facil-
tate the detachment of any TiO2 particles from the membrane
urface at lower permeate fluxes thus resulting in smaller TMP
hanges.

.4. Pseudo-first order model analysis of SMPR

The RTD determined in the sodium chloride test is pre-
ented in Fig. 12. As shown, the observed mean residence time
37.5 min) was very similar to the expected residence time of
0 min [t = volume of reactor/(flux × area)]. This result verified
he use of the CSTR concept. In this section, pseudo-first order
eaction kinetics combined with the ideal CSTR model is applied
o evaluate the effect of initial concentration of BPA on the per-
ank reactor is [26]:

A − CAf = −kCAϑ (4)

on = 0.5 g/L, initial pH 4, BPA feed concentration = 20 ppm, 0.5 L/min aeration
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Fig. 12. Sodium chloride tracer experimental data for determina

y differentiation, we get

dCA

dt
= 1

ϑ
(CAf − CA) − kCA (5)

here CA is the substrate concentrate at time t, CAf the feed con-
entration and θ is the residence time of substrate. The analytical
olution to Eq. (5) yields:

A(t) = CAO e−(1/ϑ+k)t + CAf

1 + kϑ
[1 − e−(1/ϑ+k)t] (6)

By using the rate constants (Table 6) obtained from the batch
xperiments, the experimental data of the continuous SMPR per-
eate concentration was fitted as shown in Fig. 13. At the initial

tage, the measured results for the 20 ppm test were higher than
he predicted ones. This could be due to the desorption of BPA
rom the membrane surface or pores into the permeated bulk

olution during the initial phase of the photocatalytic reaction
hereby the concentration of bulk solution decreased rapidly.
he desorption effect was lessen as the initial concentration of
PA got higher (30 and 50 ppm).

m
c
o
p

Fig. 13. Kinetics of BPA photodegradation with pr
f hydraulic residence time distribution of the continuous SMPR.

As discussed previously in the batch system study, the
egradation rate of BPA depends strongly on the initial con-
entration of BPA. The discrepancies between the experimental
ata and the model observed during the steady-state experi-
ents might thus be due to the concern that the model does

ot take into account the changes in the kinetic rate con-
tants as the concentration of BPA changes in the continuous
ystem. It was also suspected that the formation of a TiO2
ake layer on the membrane surface (at 100 L/(m2 h)) could
ave acted as a plug flow reactor (PFR) which might aid in
he photodegradation of BPA. Sousa and Mendes [27] and
suru et al. [28] have modeled TiO2 catalytic membrane sys-

ems as a PFR. The latter reported an enhanced performance
f the photocatalytic reaction system with membrane organ-
cs permeating through a layer of TiO2. Thus, in order to
vercome the limitations of the simple CSTR analysis, further
odel development is underway which takes into account the
hanging kinetic rate constants and the adsorption/desorption
rganics on the membrane itself and will be reported in a future
ublication.

eliminary model fitting (flux = 100 L/(m2 h)).
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. Conclusions

The current work has examined the factors affecting the
erformance of a SMPR. The photocatalysis process was first
ptimized before combining the membrane separation with the
egradation process. pH was found to affect the degradation of
PA most significantly compared to effect of TiO2 concentration
nd aeration rate. Lowering pH enhanced the degradation of BPA
ue to better adsorption on the catalyst. Increasing aeration rate,
p to 0.5 L/min, increased the photocatalytic efficiency which
hen declined at higher aeration rate. The limit to the enhancing
ffect of the aeration was most probably due to the compet-
ng effects between the enhancement of mass transfer and light
ttenuation by bubble clouds which were formed at high aera-
ion rate. The continuous SMPR was able to photodegrade 97%
f the BPA and photomineralize 93% of the TOC after 90 and
20 min of UV illumination, respectively. The current work has
lso demonstrated the possibility of operating the SMPR at a
igh flux (100 L/(m2 h)) with low membrane fouling using an
ntermittent permeation method. The importance of residence
ime control in the SMPR by varying the permeate filtration flux
as demonstrated. An attempt to fit the basic CSTR model had
nly limited success. Discrepancies are attributed to the effect
f adsorption/desorption of organics on the membrane and also
he changing rate constants with organic concentration. For an
fficient SMPR, factors influencing both photocatalytic degra-
ation and membrane filtration, including fouling control, have
o be taken into consideration.
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