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ABSTRACT

The combination of photocatalytic reactor with membrane provided considerable advan-
tages over the conventional photocatalytic reactor. In this study, photodegradation and per-
meability of photocatalytic reactor system with and without membrane were assessed for
the removal of HA. TiO, particles were completely rejected membranes with nominal pore
size of <0.4 ym. Membranes used in submerged photocatalytic membrane reactor (SMPR)
were hollow fiber MF membrane and anodizing TiO, membrane. The results show that
photocatalytic reactor with hollow fiber MF membrane was more efficient photodegradation
than that without membrane due to the synergistic effect by integration of photocatalytic
reaction and membrane filtration, whereas SMPR with anodizing TiO, membrane showed
lower treatment efficiency compared to that conventional photocatalytic reactor and SMPR
with hollow fiber membrane owing to the reduction of photocatalytic activity sites. More-
over, it was revealed that permeation decrease rate of membrane with UV light irradiation
was lower than that without UV light irradiation due to the reduction of membrane fouling
by photocatalytic degradation of HA. Therefore, this work seems promising way to enhance
photodegradation and to improve defect of conventional photocatalytic reactor.

Keywords: Humic acid; Photodegradation; Hollow fiber membrane; Photocatalytic reactor;
TiO, membrane

1. Introduction

Natural organic matter (NOM), which mainly com-
posed humic substances such as fulvic and humic acid
(FA and HA), is one of the main sources of pollution
in surface water and is a primary target of water treat-

*Corresponding author.

ment processes [1,2]. Negative effects of humic sub-
stances include undesirable color and taste, absorption
and concentration of organic pollutants, and biochemi-
cal decomposition in the water distribution systems
[3]. They have trihalomethanes formation potential,
being precursors of trihalomethanes formed during
chlorination [4]. Photocatalytic degradation technique
using TiO, is becoming increasingly popular for the
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removal of toxic and refractory organic compounds
owing to its photoactivity, inexpensive price, stability
and availability [5,6]. Nevertheless, photocatalysis is
still limited to water treatment application. Systems
with supported catalyst have been preferred because
of operational convenience in terms of catalyst conser-
vation and effluent-water/catalyst separation. How-
ever, such systems own one intrinsic defect, which is
low efficiency due to poor mass transfer [7]. On the
contrary, suspended photocatalytic reactors, which
have remarkably higher mass transfer rate, have been
held back exactly by the problems of catalyst conser-
vation and water/catalyst separation [8]. In fact, it
was reported that TiO, particles, while suspended,
had removal efficiency better than the immobilized
ones [9,10]. The integration of photocatalysis process
with microfiltration (MF) and ultrafiltration (UF) has
been intensively studied due to the perceived poten-
tial benefits that might be possible through the combi-
nation of these processes. MF not only aids in the
separation of suspended catalysts but also improves
the effluent quality by selective separation at molecu-
lar level. In addition, photocatalysis is able to mineral-
ize compounds causing membrane fouling, resultingly
enhancing the membrane’s operation [11,12]. The syn-
ergistic effects of photocatalysis and membrane sepa-
ration were reported by numerous researchers [13-15].

In this study, photodegradation and permeability
of photocatalytic reactor system with and without
membrane were examined for the removal of HA. The
optimum conditions of operating parameters, which
were TiO, loading and initial HA concentration, were
also assessed in terms of CODc; and color.

2. Material and methods
2.1. HA solution

HA was supplied by Sigma Aldrich and had a
molecular weight of 4,000-23,000 Da. HA stock solu-
tion was prepared by mixing 1 g of HAin 1L of 0.1 N
sodium hydroxide over 4 h. Stirred stock solution was
filtered through a Whatman No. 1 filter paper to
remove insoluble particles and stored in refrigerator at
4°C. Degradation efficiency of HA concentration was
investigated at 20, 30, and 40 mg/L of HA. All HA
solutions were prepared by deionized water produced
from a Barnstead Nanopure II water purification with
a resistivity of 18.2 MQcm.

2.2. Membranes

Two different membranes used in this study were
hollow fiber MF membrane made of polyvinylidene
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fluoride (PVDF) and TiO, metal membrane. Hollow
fiber MF membrane with a nominal pore size of
0.4 pm was provided by Energy & Environmental Co.,
Ltd, Korea, which was an effective filtration area of
0.11 m?, a diameter of 30 mm and a length of 230 mm.
Microporous tubular titanium metal membrane with a
nominal pore size of 0.5um was supplied by Fib-
ertech, Co., Ltd, Korea, which was 12 mm of inner
diameter and 150 mm of length, was prepared for the
anode material. Prior to anodization, titanium metal
membrane was ultrasonically cleaned in deionized
water, methanol, and acetone. For membrane fabrica-
tion, we used an electrolyte composition of 1M
KH,PO,, 0.15M NH,F, and 0.2 M citric acid solution.
Anodization was performed at 10°C with titanium as
anode and silver as counterpart electrode. For phase
transition to anatase phase of self-organized TiO,
nanotube, heat treatment was conducted to 30-min
heating at 550°C after anodization. Stainless steel (SUS
316L) metal membrane with a nominal pore size of
0.2 pym was supplied by Hitachi, Co., Ltd, Japan,
which was an effective filtration area of 0.01 m?,
50 mm of diameter and 100 mm of length.

2.3. Experimental setup and operation

Fig. 1 shows the diagram of submerged membrane
photocatalytic reactor experimental setup, which is
composed of a photocatalytic reactor and hollow fiber
MF membrane module. The reactor was a cylindrical
tank with a working volume of 3.1 L and membrane
module was placed in its center. TiO, powder using
commercial Degussa P-25 (Degussa-Enonic, Germany)
with a BET surface area of 50 m®/g, average primary
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Fig. 1. A schematic of the submerged membrane photocat-
alytic reactor.
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Table 1
Clean condition of membrane in SMPR
Method Time (min) Concentration Cleaning
Air backwashing 3 20 L/min Physical
Distilled water 5 Suction pressure x 2 times Physical
NaOH 5 0.1N Chemical
Distilled water 5 Suction pressure Physical
HCl1 5 01N Chemical
Distilled water 5 Suction pressure Physical
Sonication 5 - Physical

particle size of 21 nm and density of 3.7 g/cm®, was
suspended in the reactor with a normal concentration
of 0.1-0.6 g/L. And then pH of TiO, suspension was
7 £ 0.2, adjusting by 0.1 N NaOH and 0.1 N HCI. UV-
C irradiation was provided by four 8 W low-pressure
mercury vapor lamps located on the four sides of pho-
tocatalytic reactor. The lamps had a maximum light
intensity output at 254 nm. During the operation, tem-
perature was kept constant at 20 + 1°C by recirculating
cooling water. Air sparging was used to supply oxy-
gen into the reactor and to reduce the adsorption of
TiO, particles on the membrane surface at the rate of
5L/min. In conventional photocatalytic reactor test,
several parameters were examined including TiO,
doses from 0.1 to 0.6 g/L and initial HA concentration
from 20 to 40 mg/L in order to optimize the operating
conditions of the photoreactor. HA degradation effi-
ciency of parameters was evaluated in terms of COD¢,
and color. The optimal conditions of TiO, loading and
initial HA concentration determined at conventional
photocatalytic reactor test were used to investigate the
performance of submerged membrane photocatalytic
reactor (SMPR). SMPR, using identical conditions in
common with conventional photocatalytic reactor test,
was assessed at pH 7 +0.2, UV intensity 64 W and
temperature 20 + 1°C and was operated at 23 kPa of
suction pressure. Membrane permeate was returned to
the reactor to maintain the reactor volume at a con-
stant level, excepting the minimal amount of samples
taken. At the end of each experiment, membrane sur-
face turned to be brown due to the deposition of HA.
Therefore, membranes were rinsed by cleaning proce-
dures, and a clean water test was performed to check
the membrane permeability. Membrane cleaning pro-
cedure was indicated in Table 1.

2.4. Analysis

Samples were collected from each sampling port of
system at regular time intervals. TiO, suspension sam-
ples of conventional photocatalytic reactor experiment

were filtered through pre-treatment step (0.45 um Mil-
lipore syringe filters), whereas SMPR permeates were
measured without any filtration step owing to not
contain any TiO, particle. HA degradation efficiency,
expressed in terms of CODc, and color, was measured
with the model HS 3100 (Humas, Korea) and DR 2010
(Hach, USA). TiO, separation was examined with DR
2010 (HACH, USA) by observing turbidity. A pH was
measured using a MP 120 pH meter. Morphologies of
TiO, membrane were observed using an energy-dis-
persive X-ray spectroscopy (EDS) and a field emission
scanning electron microscope (SEM, Philips XL30
ESEM-FEG).

3. Results and discussion
3.1. TiO; particles separation of membranes

Three different membranes, which were hollow
fiber MF membrane of nominal pore size 0.4 um, tubu-
lar titanium membrane of nominal pore size 0.5 um
and plate-type metal membrane of nominal pore size
0.2 pm, were used to investigate the separation of
TiO, particle in TiO, suspension. Experiments were
conducted in conditions of suction pressure 23 kPa,

jection ( turbidity base, %)
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Fig. 2. TiO, particles separation on three different mem-
branes (conditions: reaction time 100 min, pH 7, tempera-
ture 20 + 1°C, TiO, 0.3 g/L, air flow rate 5 L/min).
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(b)

Fig. 3. SEM images of (a) titanium membrane and (b) anodized titanium dioxide membrane.

pH 7+0.2, TiO, 0.3 g/L, and operating time 100 min,
and were examined in terms of turbidity. Fig. 2 shows
the separation performance of TiO, particles for three
different membranes. It can be seen that after filtration
time 100 min, the complete separation of TiO, parti-
cles from suspension was possible by rejecting hollow
fiber MF membrane and plate-type metal membrane

(a)
21 5 Ti
Element Wt%
NK 01.04 10295
17 1 OK 09.01 |2231
MgK 0046 |00.76
n ﬂ §9.48 | 7398
1.2 4

KCnt

08 o

0.4 o

0 =
1.00 200 300 400 5.00 i.lll T.00 500 .00 1
Energy - keV

with nominal pore size 0.4 and 0.2 pm, respectively.
However, titanium membrane with pore size 0.5 um
was not effective for the separation of TiO, particles
by showing less than 60% of turbidity in permeate.
Because, the zeta potential of TiO, is generally strong,
causing the TiO, particle and the Ti membrane to be
under repulsive force that will cause the permeability
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Fig. 4. Energy-dispersive X-ray spectroscopy (EDS) of (a) titanium membrane and (b) titanium dioxide membrane

fabricated by 30-min heating at 550°C after anodization.
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Fig. 5. Effect of photocatalyst loading with different con-
centrations of TiO, (a) COD,, and (b) Color base degrada-
tion (conditions: reaction time 100 min, pH 7, temperature
20+ 1°C, UV intensity 64 W, HA 20 mg/L, air flow rate
5 L/min).

efficiency to drop. This titanium membrane was used
to fabricate photocatalytic membrane and then was
formed into TiO, photocatalytic membrane by
anodization. In SMPR tests, we applied hollow fiber
MF membrane with nominal pore size of 0.4 um and
the anodized TiO, membrane.

3.2. Morphology and structure of TiO, membrane

Fig. 3 shows the SEM images of untreated titanium
membrane and TiO, membrane fabricated by anodiza-
tion at 21 V for 1 h. Titanium membrane was anodized
to make a tubular membrane with TiO, nanotube
arrays. A large amount of TiO, nanotube arrays were
easily obtained by anodization (as shown in Fig. 3(b)).
It can be seen that TiO, nanotube arrays have an
average of diameter of about 75nm and length of
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about 2.3 um. In order to analyze chemical composi-
tion of titanium membrane and TiO, membrane, EDS
was indicated in Fig. 4. The EDS of titanium mem-
brane was composed of elements, 73.98 At% Ti and
22.31 At% O, whereas EDS of TiO, membrane by 30-
min heating at 550°C after anodization was composed
of elements, 22.57 At% Ti and 66.63 At% O. It reveals
that EDS result successfully verified the formation of
TiO, nanotube arrays by anodization owing to the
increase of oxygen atomic ratio in comparison with
titanium membrane.

3.3. Optimum conditions of operating parameters in
conventional photocatalytic reactor tests

The amount of TiO, loading is one of the main
parameters in a suspension photocatalytic reactor
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Fig. 6. Effect of initial HA concentration on normalized
HA concentration (a) COD,, and (b) color base degrada-
tion (conditions: reaction time 100 min, pH 7, temperature
20+ 1°C, UV intensity 64 W, TiO, 0.3 g/L, air flow rate
5 L/min).
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Fig. 7. Comparison of treatment efficiency on the degrada-
tion of HA at five different processes (a) COD,, and (b)
color base degradation (conditions: reaction time 100 min,
pH 7, temperature 20 +1°C, UV intensity 64 W, TiO,
0.3 g/L, HA 20 mg/L, air flow rate 5 L/min).

system. Generally, when the catalyst loading is
increased, there is an increase in the surface area of
the catalyst available for adsorption and degradation.
On the other hand, an increase in the photocatalyst
concentration increases the solution opacity leading to
a decrease in the penetration of photo flux in the reac-
tor [16]. Consequently, we examined the effect of TiO,
loading. The results investigated were shown in Fig. 5.
In this study, it was found that the removal of COD¢,
and color increases with increasing TiO, loading, espe-
cially up to TiO, concentration of 0.3 g/L. The 0.6 g/L
of TiO, concentration resulted in the lowest degrada-
tion. This may be ascribed to the agglomeration of
TiO; particles and to the decrease of UV light penetra-
tion by increasing the opacity of the suspension. Thus,
the optimum TiO, concentration for the removal of
CODc; and color was 0.3 g/L. Similar study results of
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TiO, loading effect on the photocatalytic activity were
also reported by [17,18]. The effect of initial HA con-
centration on the photocatalytic oxidation of HA was
investigated by varying the initial HA concentration
from 20 to 40 mg/L with an optimum TiO, concentra-
tion of 0.3 g/L, and results were indicated in Fig. 6. It
can be seen that the photodegradation of HA is con-
siderably influenced by the initial concentration of
HA, thus CODc; and color degradation of HA
decrease with increasing initial concentration. It is
likely that the path length of photons entering TiO, at
higher HA concentration decreases due to the UV-
screening effect (as inner filter action) of HA itself.
Therefore, the optimum initial concentration of HA
was 20 mg/L. Similarly [19] reported that reaction rate
decreased with the increase in initial concentration of
HA.

3.4. Comparison of conventional photocatalytic reactor and
submerged membrane photocatalytic reactors on the
degradation of HA

In order to assess the treatment efficiency of photo-
catalytic reactor with/without submerged membrane
on the degradation of HA, experiments were con-
ducted in conditions of suction pressure 23 kPa, UV
intensity 64 W, pH 7 +0.2 as well as the optimum
conditions of TiO, 0.3 g/L and initial HA concentra-
tion 20 mg/L determined in conventional photocat-
alytic reactor and then were operated to evaluate the
relative removal efficiency of MF, TiO, membrane,
UV/TiO,, UV/TiO,/MF, and UV/TiO, membrane.
Degradation efficiencies were calculated from CODc,
and color. The results were displayed in Fig. 7. The
degradation efficiency of CODc, and color for the MF
alone without UV irradiation was about 31 and 32%,
whereas CODc; and color of TiO, membrane alone
were approximately 14 and 17%, respectively. The
removal efficiency of MF alone was relatively higher
than that of TiO, membrane alone. It is likely that HA
molecules can be easily separated by MF having a
smaller nominal pore size. In contrast, degradation
efficiency of HA was highly enhanced by UV irradia-
tion with TiO, and TiO, membrane. However, TiO,
membrane coupled photocatalytic reactor was showed
lower treatment efficiency than conventional photocat-
alytic reactor with the suspension of TiO, particles.
This is because BET surface area of TiO, powder was
higher 10 times than that of TiO, membrane. On the
other hand, application of submerged MF with photo-
catalytic reactor exhibited the faster and better degra-
dation performance than photocatalytic reactor
without the presence of membrane due to the
synergistic effect by integration. The synergistic effect
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might result from the enhanced mass transfer in
photocatalytic reaction by membrane filtration.
Consequentially, it showed that submerged membrane
photocatalytic reactor system is very effective treat-
ment process for the degradation of HA, especially
composing of TiO, powder rather than immobilized
TiOs,.

3.5. Submerged membrane filtration performance

In order to assess the permeability of two different
membranes in photocatalytic reactor, experiments
were conducted for 100 min at suction pressure of
23 kPa and initial HA concentration of 20 mg/L. TiO,
loading of 0.3 g/L was added in hollow fiber MF pho-
tocatalytic reactor test. Nominalized flux and perme-
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ation decrease rate of membranes with and without
UV irradiation were shown in Fig. 8. It can be seen
that a sharp flux decline was observed in TiO, mem-
brane photocatalytic reactor without UV irradiation
and after 100-min permeation decrease rate was about
70%. This was due to deposition of HA on the mem-
brane surface, thus leading to membrane fouling.
However, permeation decrease rate of TiO, membrane
with UV irradiation was about 21%, which was
enhanced over 60% compared to that of TiO, mem-
brane without UV irradiation. In hollow fiber mem-
brane photocatalytic reactor test, permeation decrease
rate of hollow fiber membrane without UV light
irradiation was approximately 25% after 100 min of fil-
tration time, whereas there was no change in perme-
ation decrease rate of hollow fiber membrane with UV
light irradiation. It can be explained that the effective
photocatalytic degradation of HA prevented mem-
brane from fouling obviously.

4. Conclusions

This study investigated photodegradation and per-
meability of photocatalytic reactor with and without
membrane for the removal of HA. Several conclusions
made from this study are as follows:

TiO, particles were completely rejected by hollow
fiber membrane with nominal pore size of 0.4- and
0.2-um plate-type metal membrane whereas 0.5-um
titanium membrane was not effectively separate.

Immobilized TiO, nanotube membrane was fabri-
cated by anodization and was confirmed through the
analysis of SEM and EDX.

The optimum conditions of TiO, loading and
initial HA concentration in photocatalytic reactor sys-
tem for the removal of HA were 0.3 and 20 mg/L,
respectively.

The highest degradation performance of HA was
observed in photocatalytic reactor with hollow fiber
membrane owing to the synergistic effect by integra-
tion of photocatalytic reaction and membrane
filtration.

Permeation decrease rate of membrane with UV
light irradiation was lower than that without UV light
irradiation due to the reduction of membrane fouling
by photocatalytic degradation of HA.
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