
A

s
p
p
(
T
a
(
a
T
©

K

1

o
g
i
v
l
t
T
t
m
s
a

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 152 (2008) 183–190

Use of an integrated photocatalysis/hollow fiber microfiltration
system for the removal of trichloroethylene in water

Kwang-Ho Choo a,∗, Dae-Ic Chang a,
Kyong-Won Park b, Moon-Hyeon Kim b

a Department of Environmental Engineering, Kyungpook National University,
1370 Sankyeok-Dong, Buk-Gu, Daegu 702-701, Republic of Korea

b Department of Environmental Engineering, Daegu University, 15 Naeri, Jillyang, Gyeongsan,
Gyeongbuk 712-714, Republic of Korea

Received 16 December 2006; received in revised form 12 May 2007; accepted 27 June 2007
Available online 6 July 2007

bstract

This work focused on the degradation of toxic organic compounds such as trichloroethylene (TCE) in water, using a combined photocataly-
is/microfiltration (MF) system. The performances of the hybrid system were investigated in terms of the removal efficiency of TCE and membrane
ermeability, in the presence or absence of background species, such as alkalinity and humic acids. The mass balancing of the fate of TCE during
hotocatalytic reactions was performed in order to evaluate the feasibility of the photocatalytic membrane reactor (PMR). Greater TCE degradation
>60%) was achieved with an increase in the TiO2 dosage (up to 1.5 g/L) in PMR, but a substantially large TiO2 dosage brought about a decrease in
CE degradation efficiency. The photocatalytic decomposition of TCE appeared to be more effective in acidic pH conditions than with a neutral or

lkaline pH. The addition of alkalinity and humic acid into the feedwater did not have a significant effect on TCE degradation, while humic acids
whose dose was 1 mg/L as TOC) in the feedwater played a part in a decline of permeability by 60%. Membrane permeability in the PMR was
lso affected by tangential velocities. An improvement of 60% in flux was achieved when the tangential velocity increased from 0.19 to 1.45 m/s.
his is because flow regimes can govern the deposition of TiO2 particles on the membrane surface.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The occurrence of xenobiotic chemicals such as chlorinated
rganic compounds and pesticides in water sources has been
reat concerns to the public because of their toxicity [1,2]. For
nstance, trichloroethylene (TCE) is one of the widely used sol-
ents in the chemical industry, and so the TCE contamination
evels are in the range of a few hundreds ppm in wastewater down
o a few ppb in groundwater [1,3]. The Korean acceptable level of
CE for the discharge of wastewater effluent is <0.3 mg/L and

he guideline for drinking water is <0.03 mg/L. Several treat-

ent methods for toxic organic chemicals would be available

uch as biological treatment [4,5], adsorption [6], ozonation [3],
nd catalytic oxidation [7]. Physiochemical approaches could
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e more reliable for the treatment of highly contaminated water
ompared to biological methods, which are limited due to the
oxicity of the chemicals to microbes and the requirement of
utrients.

Currently, a photocatalytic degradation technique using TiO2
s becoming increasingly popular for the removal of toxic and
efractory organic compounds. This is because the photocat-
lytic method makes it possible for the organic compounds to
e easily degraded under mild conditions [8–12]. The photo-
atalytic decomposition of many toxic organic contaminants
uch as cyanotoxin [13], humic substances [14,15], phenolic
ompounds [15], pesticides [16], endocrine disruptors [15],
hlorinated compounds [15,17], and dyes [15] has been inves-
igated with respect to the removal efficiency, reaction rate, and

he formation of intermediates. Regarding organic pollutants,
ttempts have been made to decompose volatile organic com-
ounds (VOCs) in a vapor phase rather than in an aqueous phase
18–20]. The vapor phase reaction, however, needs additional

mailto:chookh@knu.ac.kr
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reatment for the VOCs present in an aqueous phase such as air
tripping, so that the direct, effective degradation of VOCs in
ater or wastewater would be more attractive with regard to the
rocess design and operations.

The use of photocatalysts in various reactor configurations
as been demonstrated in removing organic pollutants, such
s fluidized beds [21], immobilized films [22–24], circulating
olumns [25], and membrane reactors [14,26–28]. The separa-
ion of photocatalysts after use, however, is another key issue
hat needs to be solved in terms of the practical applications of
he process [29]. A major difficulty in the separation of TiO2
articles from treated water arises because the particles are too
ne to be removed by gravity settling. Other researchers have

nvestigated the coagulation of fine catalysts or the attachment
f TiO2 particles onto a suitable substrate. In the former case,
owever, several further treatment steps are needed to recover
he catalysts or the recovery is impractical [8]. In the latter case,
he effective surface area of the TiO2 particles would be reduced.
n fact, it was reported that TiO2 particles, while suspended, had
removal efficiency better than the immobilized ones [30]. Sev-
ral studies regarding the use of membranes for the separation of
iO2 particles have been conducted, but there were few reports
n the application of loose, hollow fiber microfilters for the sep-
ration of the particles. Instead, tighter nano- and ultra-filtration
echnologies were employed while consuming more energy for
he particle separation [14,15,20,31,32].

Therefore, the purpose of this work was to examine the per-
ormance of a photocatalytic reactor combined with hollow fiber
icrofiltration (MF) membranes for the degradation of a model

oxic organic compound such as trichloroethylene (TCE) present
n an aqueous phase. Mass balances were done to speculate the
ate of TCE during photocatalytic reactions in the PMR. The
ffects of different operating conditions, such as TiO2 doses,
olution pH, and background compounds, on TCE removal
fficiency were explored. Membrane permeability was also eval-
ated under different hydraulic conditions, during crossflow MF,
oncerning the separation of TiO2 particles in the PMR.

. Experimental

.1. Feedwater and chemicals

A feed solution, containing TCE, was prepared by dissolv-
ng reagent-grade TCE (Janssen Chimica, Japan) in pure water
rior to each experimental run. The TCE concentration was
pproximately 100 mg/L. To examine the effect of background
pecies on the system efficiency, NaHCO3 and CaCl2 were
dded as inorganic species to adjust alkalinity and hardness to
0 mg/L as CaCO3, respectively, while 1.0 mg total organic car-
on (TOC) per liter of humic acids (Aldrich, USA) was added
o the feedwater as a background organic compound. TiO2 par-
icles (P25, Degussa, Germany) were used as photocatalysts for

he experiments and dosed in the range of 0–2.0 g/L. During
hotocatalysis, the reactor TiO2 concentration was stable with
tirring and continuous recirculation of the slurry through the
ollow fiber module.

i
a
b
b

Fig. 1. A schematic of a lab-scale photocatalysis/MF system.

.2. Photocatalytic membrane reactor operations

Fig. 1 shows a schematic diagram of the experimental setup,
hich is composed of a photocatalytic reactor and a crossflow
F module. The photocatalytic reactor had two main com-

artments, namely, an inner chamber and an outer chamber. A
V-light source was placed in the inner chamber of the reactor.
he outer chamber can hold 700 mL of liquid for the photocat-
lytic reaction. The lab-scale MF module, holding three fibers,
as prepared in the lab using polysulfone hollow fiber mem-
ranes supplied from SK Chemical, Korea. The hollow fiber
embrane provided had a nominal pore size of 0.1 �m, an inner

iameter of 700 �m, and its module with three fibers had an
ffective surface area of 20.7 cm2 and a pure water permeabil-
ty ranging from 146 to 219 L/(m2 h) at 20 ◦C. There are a few
dvantages when three fibers are held in one lab-scale module.
irstly, having several fibers in a module is better than holding
single, long fiber in order to obtain the same surface area of
membrane due to the geometry of the PMR. Secondly, if a
odule holds a few fibers in it, the clogging of a fiber during
F could not cause a serious problem in obtaining permeate.
The hybrid PMR system was operated either in batch or con-

inuous stirred tank reactor (CSTR) modes. In batch operations,
he membrane permeate and retentate were recycled back to the
hotoreactor except for taking a minimal volume (∼20 mL) of
ermeate samples for analyses. In CSTR operations, the perme-
te was discharged to a sewer after taking samples as much as it
as fed into the reactor. Thus the working volume of the reactor
as maintained at a constant level of 700 mL. Although the MF

ystem was designed to run under constant-pressure conditions,
he system pressure and flux were monitored and recorded on
n on-line personal computer in order to evaluate membrane
ermeability during MF in the PMR. The crossflow velocities
nside the MF fibers were controlled in the range between 0.19

nd 1.45 m/s (corresponding to 133–1015 in Reynolds number)
y adjusting the circulation pump flow rate, while transmem-
rane pressure was regulated with a backpressure valve in order
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Table 1
Summary of the experimental conditions and the portion of TCE classified

Condition Process applied TiO2 dose (g/L) UV lamp (W) The portion of TCE classified

A Vaporization 0 0 Remaining in the reactor; and vaporized
B Adsorption and vaporization 1 0 Remaining in the reactor; vaporized; and

adsorbed onto TiO2

C Photolysis and vaporization 0 8 Remaining in the reactor; vaporized; and
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mediates was also responsible for the difference between the
values of TCE removed and Cl− produced. The TOC remaining
(∼1 mg/L) in the reactor after 120-min photocatalysis exhib-
ited the incomplete mineralization of TCE, which also indicated
Photolysis, adsorption, and vaporization 1

o maintain the pressure level at 0.29 ± 0.01 bar. During pho-
ocatalysis, the TiO2 suspension was irradiated using an 8-W
lack light blue UV-A lamp (Sankyo, Japan) with a maximum
V intensity at a wavelength of 365 nm. The temperature of
ater for batch and continuous processes varied in the range of
0–29 and 25–31 ◦C, respectively.

.3. Mass balances on TCE

To analyze the fate of TCE in the PMR, mass balances on
CE were done conducting four sets of experiments under dif-

erent operating conditions, which are summarized in Table 1.
he following assumptions were made as we developed mass
alances on TCE. Under condition A, the fate of TCE was clas-
ified into two categories: one was the TCE portion remaining
n the reactor and the other was that vaporized. Under condition
, another portion considered was the TCE adsorbed onto TiO2.
he portion of TCE adsorbed was determined by subtracting

he amount of TCE remaining in the reactor under condition B
nd that vaporized under condition A from the total TCE fed.
hus it was also assumed that the portion vaporized at condi-

ion B was the same as that at condition A. Under condition C,
he TCE adsorbed is omitted, but the TCE that was degraded
y photolysis was added while measuring the chloride (Cl−)
oncentration in the reactor. The background Cl− concentration
as subtracted from the total chloride concentration measured

n order to calculate the portion of TCE degraded. Condition D,
here photocatalysis was occurring, included all the four cat-

gories of TCE. It was also assumed that the amount of TCE
dsorbed was the same as that at condition B.

.4. Analytical methods

The TCE and chloride ion concentrations in the reactor liquid
nd permeate were measured using a Shimadzu gas chromato-
raph (GC-17AATFw, Japan) equipped with a flame ionization
etector and a Metrohm automatic titration system (702SM Tir-
rino, Germany), respectively. The humic acids concentration
as determined in terms of TOC using a Sievers TOC analyzer

Model 8200, USA) with a membrane conductivity detector.
he pH and dissolved oxygen (DO) levels were monitored with
WTW InoLab system (Muti Level 3, Germany) and an Orion

O meter (Model 810, USA). The size distribution of TiO2 parti-

les in water was measured using a laser diffraction particle size
nalyzer (LS 13 320, Beckmann Coulter, USA). The TiO2 con-
entrations were measured using an inductively coupled plasma

F
c
i

degraded
8 Remaining in the reactor; vaporized;

adsorbed onto TiO2; and degraded

pectrometer (Optima 2100 DV, Perkin-Elmer, USA). The pho-
ocatalytic products of TCE were identified using an Agilent gas
hromatograph (model 6890N) equipped with a mass spectro-
cope (model 5795) detector (GC–MS).

. Results and discussion

.1. Photocatalysis and mass balancing of TCE during
atch reactor operation

TCE removal efficiencies, during batch operations of the pho-
ocatalytic reactor, were evaluated in terms of the amounts of
CE removed and Cl− ions produced, TOC removed in the
queous phase (Fig. 2). The portion of TCE removed is based
n the TCE remaining in a reactor, i.e., it equals to the total TCE
ed minus the TCE remaining in the reactor. Thus, the TCE
emoved includes actual degradation, vaporization, and adsorp-
ion. The TCE degradation efficiency, based on the generation of
l− ions, was always maintained at a level lower than that based
n the residual TCE concentration in the reactor. This could be
ttributed to the phenomena of vaporization and/or sorption of
CE during photocatalytic treatment. The formation of inter-
ig. 2. Time course of TCE photocatalysis based on the TCE, Cl−, and TOC
oncentrations. Photocatalysis started at 30 min after the solution was mixed:
nitial pH, 5.7; TiO2 dose, 1.0 g/L.
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Fig. 3. Material balances on TCE at different experimental conditions. The
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H2O2 + e−
cb → •OH + OH− (5)

CHCl CCl2 + e−
cb → [CHCl CCl2•]− (6)
onditions were designated based on TiO2 dosage (in g/L) and UV-lamp sta-
us, respectively. (A) 0, off; (B) 1.0, off; (C) 0, on; (D) 1.0, on. Initial pH and
eaction time for all tests was 5.3 ± 0.5 and 2 h, respectively.

hat some photocatalytic byproducts were formed. The identi-
cation of photocatalytic products of TCE will be discussed in
ubsequent section.

In order to determine the fate of TCE during photocat-
lytic reactions, mass balances on TCE were performed under
ifferent operating conditions and the results are shown in
ig. 3 (also refer to Table 1). A negligible amount of TCE
as adsorbed on the surface of TiO2 (experimental conditions
–D), whereas the amount of TCE vaporized was some-
hat significant (approximately 65% at maximum), without the
ccurrence of photocatalytic reactions (experimental conditions
–C). TCE degradation by UV itself was minimal (1.25%)
nder condition C as reported elsewhere [13]. UV illumina-
ion, in the presence of TiO2, contributed to substantial TCE
egradation (82.4%), while at the same time causing a dra-
atic decrease in vaporization (condition D). This was probably

ecause of the rapid conversion of TCE by photocatalysis. Con-
equently, the photocatalytic decomposition of TCE in water
esulted in a significant reduction of TCE emission into the
tmosphere as being mineralized or converted to less volatile
ntermediates.

.2. Effects of TiO2 doses and solution pH

Fig. 4 compares the ultimate TCE degradation efficiency at
ifferent TiO2 dosages, in the PMR, after 2-h batch operations.
hen the TiO2 dosage was changed in the range of 0.1–2.0 g/L,

he TCE degradation efficiency reached its maximum at a TiO2
oncentration of 1.0–1.5 g/L. This implied that there was an opti-
al TiO2 dosage for effective TCE removal, so a substantially

arge amount of TiO2 in water might have an adverse effect.
his is unclear, but a possible explanation is that it is caused
y the scattering of UV-light by bare TiO2 particles. Since TCE

egradation reactions were supposed to occur on the surface of
iO2 particles, photocatalysts that are not in contact with TCE
ould be interfering with UV-light illumination, thus leading to
decrease in the quantum yield of photoreactions.

F
T

ig. 4. Effects of TiO2 dosage on TCE degradation efficiency: reaction time,
h; initial solution pH, 7.2 ± 0.3.

The degradation efficiency of TCE by photocatalysis was also
ffected by the initial solution pH (Fig. 5), although the solution
H after 2-h reactions changed to ∼3.0 for all the experiments
ested, probably due to the generation of hydrogen chloride.
he TCE degradation efficiency reached more than 80% at an
cidic pH level, while it decreased to approximately 60–65% at
neutral and alkaline pH region. Based on the findings reported
lsewhere [10,18,33], the heterogeneous photocatalytic initia-
ion (reactions (1)–(5)) and the proposed reductive degradation
athways (reactions (6)–(9)) are listed below:

iO2 + hν → h+
vb + e−

cb (1)

+
vb + OH− → •OH (2)

−
cb + O2 → O2

• (3)

• + e− + H+ → H O (4)
ig. 5. Effects of initial solution pH values on the TCE degradation efficiency:
iO2 dose, 1.0 g/L; reaction time, 2 h.
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ig. 6. The GC–MS analyses of photocatalytic products of TCE at: (a) reaction
ime of 10 min and (b) reaction time of 90 min. The peaks were identified as
ollows: (1) carbon dioxide; (2) chloroform; (3) TCE; and (4) pentachloroethane.

CHCl CCl2•]− + H+ → •CHCl–CHCl2 (7)

HCl CCl2 + O2
•− → CHCl(O2

•−)–CCl2 (8)

HCl(O2
•−)–CCl2 + H+ → CHCl(O2

•)–CHCl2 (9)

his may suggest that reductive reaction pathways would be
ore responsible for the decomposition of TCE while interact-

ng with the TiO2 conduction band electrons (e−
cb) and anion

uperoxide radicals (O2
•−) under an acidic pH. The genera-

ion of hydroxyl radicals (reaction (5)), the reductive destruction
f vinyl groups in TCE (reactions (6) and (7)), and the direct
ttack of superoxide anion radicals to TCE (reactions (8) and
9)) appeared to be favored under acidic conditions.

In addition, the three major photocatalytic products of TCE
uch as carbon dioxide, chloroform, and pentachloroethane were
dentified by GC–MS (Fig. 6). Their formation was more obvi-
us at reaction time of 90 min. However, we were not able to
etect phosgene and dichloroacetic chloride, which was reported
n the other findings [17,33]. Two possible reaction pathways
uring the TiO2 photocatalytic degradation of TCE were pro-
osed [33]. The products of the chlorination route such as
hloroform and pentachloroethane were only detected in this
ork, suggesting that route would be the major path during PMR

reatment.

.3. TCE degradation during continuous-flow reactor
peration
Fig. 7 shows the variation of TCE degradation efficiency
nd solution pH during PMR operations when additional back-
round species were present in feedwater. In the calculation of
he TCE degradation based on the Cl− concentration produced

b
i
s
w

atch and CSTR operations: TiO2 dosage, 1.0 g/L; retention time in CSTR,
50 min. The reactor was initially operated in a batch mode and then switched
o CSTR operation after 120 min.

uring photocatalysis, the background chloride concentration
as subtracted from the total chloride concentration measured.
he TCE degradation efficiency increased up to >40% during

he initial 120-min batch operation, and it kept increasing during
he CSTR operation of the PMR with a hydraulic retention time
f 150 min. An increased TCE degradation in the batch mode is
elated to the initial pH of feedwater as shown in Fig. 7b, but
t is also possible that TCE degradation may proceed relatively
lowly with the addition of the background components such as
icarbonate. This might be attributed to the scavenging effect of
ydroxyl or anion superoxide radicals by alkalinity [10].

CO3
− + •OH → CO3

•− + H2O (10)

O3
2− + •OH → CO3

•− + OH− (11)

On the other hand, humic acids might enhance the photo-
atalytic degradation of chlorinated compounds such as TCE

ecause they could serve as a hole (h+

vb) scavenger improving
ts reductive degradation [18]. When the photocatalysis of a
olution containing humic acids alone of ∼1.0 mg/L as TOC
as conducted in this work, the TOC concentration decreased
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it was necessary to maintain a higher tangential velocity across
the membrane surface in order to minimize membrane fouling,
which was caused by TiO2 deposition in the PMR.
ig. 8. The size distribution of the TiO2 particles added to the feedwater.

harply down to 0.058 mg/L within 240-min PMR operation
data not shown). A substantial amount of humic acids (>92%)
ere removed by photocatalytic membrane treatment. The
umic acids, however, did not seem to affect the photocatal-
sis of TCE significantly. A possible explanation for the result
s: the humic acids become attached to the TiO2 surface and
o act as a hole scavenger; however, they also can occupy the
ctive sites of TiO2 for the photoreaction of TCE while inter-
ering with TCE degradation. The presence of humic acids had
oth their pros and cons regarding the photocatalytic degradation
f TCE, which stroke a balance showing no marked improve-
ent in the TCE removal efficiency. Further studies on TCE

egradation in the presence of humic acids are needed. Over-
ll, the TCE degradation proceeded stably in continuous PMR
perations. The influence of background components such as
ardness (Ca2+), alkalinity, and humic acids on TCE degra-
ation was found negligible in CSTR since solution pH was
aintained at ∼3 and so no bicarbonate ions (pKa = 6.4) existed

ny more.

.4. TiO2 separation and membrane permeability in PMR

The complete separation of TiO2 particles from treated water
turbidity of permeate < 0.1 NTU) was possible during contin-
ous operations of PMR with hollow fiber MF membranes.
lthough the sizes of the TiO2 particle grains in water were
etween 0.04 and 10 �m in diameter, the majority of particles
as >0.4 �m (Fig. 8), so they can be rejected by the MF mem-
rane. The other portions of TiO2 particles that were in the range
f the sizes smaller than the size of membrane pores (0.1 �m)
ight have a chance to pass through the membrane. In real-

ty, however, the measured TiO2 concentration in the permeate
ample was nearly negligible (<0.5 ppb). This was because dur-
ng MF in the PMR, the big TiO2 particles could form a dense

ake layer (which is called “secondary dynamic membrane”) on
op of the actual membrane, which would help further reject the
maller particles. This also confirms that the use of a hollow fiber

F membrane would be reliable for the enhanced performance
F
fl

ig. 9. Membrane permeability vs. time during batch and CSTR operations:
angential velocity, 1.45 m/s; initial water permeability, 188–219 L/(m2 h).

f photocatalysis while maximizing the capacity of suspended
hotocatalysts in the PMR.

As shown in Fig. 9, however, a sharp decline in membrane
ermeability was observed when humic acids were present in
eedwater. This was due to the sorption of humic acids onto
iO2 particles and their subsequent deposition on the mem-
rane surface, thus leading to membrane fouling [14]. The
eduction of permeability was significant when the crossflow
elocity decreased from 1.45 to 0.19 m/s (Fig. 10). It could be
ypothesized that the accumulation of humic acid-laden TiO2
articles on the membrane surface may cause such a signifi-
ant permeability reduction. In order to examine the significance
f TiO2 deposition, MF with UV illumination was performed
sing a single-component system containing either TCE or TiO2
Fig. 11). There was no indication of membrane fouling by
CE itself, but the TiO2 particles brought about a substantial
ecline in permeability at a low tangential velocity. As a result,
ig. 10. Effects of tangential velocity on membrane permeability during cross-
ow MF: initial water permeability, 183–219 L/(m2 h).
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ig. 11. A comparison of membrane permeability with a single-component sys-
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ater permeability, 146–194 L/(m2 h).

. Conclusions

The coupling of TiO2 photocatalysts and crossflow MF
embranes was investigated regarding the degrading of
CE in water, during batch and CSTR operations. The
ffects of the TiO2 dosage, solution pH, and background
pecies on TCE removal was examined along with the
ass balancing of TCE degradation in the PMR. Mem-

rane permeability was also evaluated using feed solutions
ontaining various background components at different
angential velocities. The following conclusions can be
rawn:

1) Substantial TCE degradation (>60%) was achieved within
2 h by continuous photocatalysis/MF, which can contribute
to the significant decrease of TCE vaporization from water
to air through either the mineralization or conversion of TCE
to less volatile products.

2) TCE degradation in the PMR was maximal with a photocat-
alyst dosage of 1.0–1.5 g/L, since too low or high dosages
of TiO2 could be related to either the lack of surface area
for reactions or the blocking of UV-light irradiation. The
photocatalytic degradation of TCE was more effective at an
acidic pH than at a neutral or alkaline pH, indicating that
reductive pathways involved play a more important role in
TCE degradation.

3) Alkalinity might retard TCE decomposition due to its scav-
enging of hydroxide or anion superoxide radicals, but the
TCE degradation in continuous PMR operations was not
affected by the background species present because the
solution pH became acidic (pH ∼ 3).

4) Although photocatalysis, followed by crossflow MF, was
effective for the complete separation of TiO2 particles in

suspension from treated water, higher tangential velocity
was needed to control membrane fouling caused by the
deposition of humic acid-laden TiO2 on the membrane
surface.
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