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bstract

The photocatalytic performance of a novel polyoxometalate (POM)-based magnetic photocatalyst was studied by photocatalytic degradation of a
odel compound (formic acid) in an annular fluidized bed photoreactor. Degradation rate, apparent quantum efficiency, and energy efficiency were

valuated and compared with suspended TiO2 fine particles (Degussa P25) and quartz sand supported TiO2 photocatalysts. All degradation exper-
ments were conducted under fully irradiated photoreaction (FIP) conditions. Results showed that this novel POM-based magnetic photocatalyst
xhibited 2.7–4.2 times higher initial degradation rate and 2.7–3.8 times higher apparent quantum efficiency than the quartz sand supported TiO2

hotocatalyst, depending on the pH of the solution. Though it had lower degradation efficiency and apparent quantum efficiency than suspended P25,
t was proved that this POM-based magnetic photocatalyst could be efficiently separated from treated water by high-gradient magnetic separation

HGMS), while the separation for P25 fine particles is quite difficult. The magnetic field/gradient in a lab-constructed HGMS was modeled and
imulated by finite element analysis (FEA) to examine the particle capture feasibility. Experimental results proved that separation efficiency higher
han 90.1% could be achieved under investigated conditions, i.e., flow velocity lower than 1.375 mm s−1 under the studied magnetic photocatalyst
oncentration.

2006 Elsevier B.V. All rights reserved.

analy

c
a
p

i
w
o
p
s
t
c
b

m

eywords: Magnetic photocatalyst; Photocatalytic degradation; Finite element

. Introduction

TiO2 has been studied extensively as a semiconductor pho-
ocatalyst in the last two decades for its good activity, chemical
nertness, and low cost [1]. However, given the difficulty in the
eparation of suspended TiO2 fine particles from treated water
2], TiO2 is usually immobilized onto substrates for practical
se, known as supported TiO2 photocatalyst. A significant loss
f activity was generally reported due to greatly reduced surface
rea after immobilization [3].

Magnetic photocatalysts provide an alternative solution for
he above problems. With magnetic cores, the submicron-sized

agnetic photocatalysts can be recovered from treated water
y properly employing an external magnetic field. Compared

o conventional supported TiO2 photocatalysts, the submicron
izes of the magnetic photocatalyst provide a larger surface
rea, which subsequently enables higher efficiency in photo-
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atalytic degradations. Beydoun et al. [4–6] have conducted
series of pioneer researches in the development of magnetic

hotocatalysts.
A novel POM-based magnetic photocatalyst was synthesized

n the previous work [7]. In this study, degradation experiments
ere carried out to investigate the photocatalytic performance
f this magnetic photocatalyst. As the most widely studied
hotocatalyst, suspended TiO2 (Degussa P25) and quartz sand
upported TiO2 photocatalysts were also studied for their pho-
ocatalytic performance and compared with the magnetic photo-
atalyst by the degradation of formic acid solution in a fluidized
ed photoreactor.

As an efficient method for the recovery of submicron-sized
agnetic particles from water [8–10], high-gradient magnetic

eparation (HGMS) was first introduced in this study to separate
agnetic photocatalyst particles from treated water. In the lab-

onstructed HGMS, high magnetic field gradients are generated

y the fine-grade stainless steel wires packed in the separation
hamber that is in a strong external magnetic field exerted by
series of permanent magnets. The high magnetic field gradi-

nt is essential for the magnetic traction force to compete with

mailto:yzheng@unb.ca
dx.doi.org/10.1016/j.cej.2006.08.025
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Nomenclature

Br residual magnetic flux density (T)
C concentration of formic acid in solution (mg l−1

or ppm)
C0 initial concentration of formic acid in solution

(mg l−1)
d diameter of particle (m)
Fd fluid drag force (N)
Fm magnetic traction force (N)
h Planck constant (J s−1)
H magnetic field intensity (A m−1)
Iin incident UV-flux intensity
Iout remnant UV-flux intensity
k reaction rate constant (mg l−1 s−1)
ka apparent reaction rate constant
K adsorption coefficient of reactant (mg−1 l)
M mass magnetization (A m2 kg−1)
Na Avogadro’s number
Pin incident power of UV irradiation (W)
Pout remnant power of UV irradiation (W)
rd initial degradation rate of formic acid

(mol l−1 s−1)
rph photon absorption rate (einstein l−1 s−1)
t reaction time (min)
u velocity of particles related to fluid (m s−1)
Vp volume of particle (m3)

Greek letters
η quantum efficiency
ηa apparent quantum efficiency
μ viscosity of fluid (kg m−1 s−1)
μr relative permeability
μ0 vacuum permeability (kg m s−2 A−2)
υ frequency of incident irradiation (s−1)
Φs separation efficiency

Abbreviations
I.D. inner diameter (mm)
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L × W × Th length × width × thickness (mm)
O.D. outer diameter (mm)

he gravity, diffusion, and fluid drag forces exerted on particle.
n this work, finite element analysis (FEA) was also employed
o simulate the magnetic field distribution and generated mag-
etic field gradient in the HGMS separation chamber. Both the
xperimental and simulation results were used to examine the
eparation feasibility of the POM-based magnetic photocatalysts
rom water using HGMS.

. Experimental
.1. Materials and methods

The POM-based nano-magnetic photocatalyst was prepared
n three steps, which are described elsewhere [7]. The POM

l
c
l
1
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pecies used in the synthesis was phosphotungstic acid hydrate
H3PW12O40·xH2O, reagent grade, Sigma–Aldrich). The syn-
hesized POM/Ag/Fe3O4 composite possessed a nanosized
e3O4 core with a Ag nanoshell upon which POM anions are
ttached. The amount of deposited POM was 10.1%, which was
etermined from the weight percentage measurements of W, Fe
nd Ag in the synthesized photocatalyst [7]. The weight percent-
ges of W, Fe and Ag were determined by inductively coupled
lasma (ICP).

Aeroxide® TiO2 P25 (average particle size: 21 nm, Degussa)
as used as received. Supported TiO2 photocatalysts used quartz

ands (+50–70 mesh, Sigma–Aldrich) as supports and TiO2 was
mmobilized onto quartz sands by following an in situ sol–gel
oating method [11].

.2. Characterization

Specification data of Degussa P25 was provided by man-
facturer. The surface morphology of quartz sand supported
iO2 photocatalysts was characterized by scanned electron
icroscopy (SEM) on a JEOL JSM6400 Digital SEM. The

verage size of magnetic photocatalyst particles and P25 fine
articles in water solution was measured by dynamic light scat-
ering (DLS) on Mastersizer 2000 (optical unit, Malvern) and
ydro 2000S (sampler unit, Malvern). The DLS measurements
ere conducted in an air-conditioned room, which had a tem-
erature of 25.0 ± 2.1 ◦C as we monitored by a digital-display
hermometer installed on a pH meter (Acumet 3000, Fisher).

agnetization property of synthesized magnetic photocatalyst
as tested on a Quantum Design 9T-PPMS dc magnetometer/ac

usceptometer.

.3. Degradation experiments

8.5 l of formic acid solution (200 ppm) was used as the
odel wastewater in our study. Formic acid was chosen as the
odel contaminant to simplify the evaluation of quantum effi-

iency as it oxidizes to CO2 and H2O with no intermediates. A
lank experiment was conducted without using photocatalyst to
etermine the decomposition fraction of formic acid under UV
rradiation. For the photocatalytic oxidation, 0.20 g P25 pow-
er was added in the water solution, followed by sonication for
min at 200 W. For supported TiO2, approximately 0.20 g TiO2
as coated on 200 g quartz sands, which gave a ratio of 1 mg
iO2 g−1 quartz sands to obtain a monolayer of TiO2 on quartz
and surfaces [3]. 1.04 g of POM-based magnetic photocatalyst
articles were used to investigate the photocatalytic degrada-
ion performance of the synthesized magnetic photocatalyst.
he pH of solution was adjusted by adding chlorhydric acid to

nvestigate the photocatalytic activity of POM-based magnetic
hotocatalyst at different pH levels.

The schematic experimental set-up was shown in Fig. 1. The
ntegrated photoreactor-separator system consists of an annu-

ar fluidized bed photoreactor and a HGMS. The photoreactor
onsists of two coaxial cylindrical columns (effective irradiation
ength: 640 mm), including the outer acrylic resin column (I.D.
02 mm; O.D. 108 mm) and the inner quartz tube (I.D. 45 mm;



W. Qiu et al. / Chemical Engineering Journal 125 (2007) 165–176 167

F tor, (
p 11) N

O
I
t
i
(
t
U
d
t
P
p
t
s
b
c
i
a

b
d
S

2

I
s
N
5
c
s

ig. 1. Photocatalytic experimental set-up: (1) photoreactor, (2) liquid distribu
ump, (7) water tank, (8) cooling jacket, (9) peristaltic pump, (10) flowmeter, (

.D. 48 mm). A 15 W germicidal lamp (254 nm, Spectroline
nc.) was fixed at the axis of inner quartz tube. This configura-
ion is reported to enable a most efficient use of UV irradiation
n immersion-type photochemical reactions [12]. A quartz wafer
diameter: 50.8 mm, 4 mm thick, Cole–Parmer) was mounted on
he outer wall of reactor as the monitoring window for remanent
V-flux intensity. A fully irradiated condition was assured for all
egradation experiments by detecting remnant UV intensity at
he quartz wafer using a UV radiometer (254 nm, Cole–Parmer).
25 and magnetic photocatalyst suspensions were continuously
umped into the photoreactor and circulated between the pho-
oreactor and water reservoir at the same flow rate. Quartz sand
upported TiO2 particles were fluidized to the top of the reactor

y using a particle-tolerable submerged pump (0.18 kW, Master-
raft Inc.). Treated water samples were collected at the set time
ntervals during the degradation. The concentration of formic
cid was determined by measuring the TOC (total organic car-

l
μ

e
t

Fig. 2. Scheme of the lab-
3) monitoring window, (4) UV-intensity radiometer, (5) valve, (6) submerged
dFeB magnet blocks and (12) fine stainless steel wires.

on) of the treated water samples. The measurements were con-
ucted on a PC-controlled total carbon analyzer (TOC–VCPH,
himazu).

.4. Magnetic separation

The magnified scheme of separation unit is shown in Fig. 2.
t consists of a thin-wall acrylic resin container (inner dimen-
ions: L × W × Th = 80.0 mm × 40.0 mm × 20.0 mm) and four
dFeB magnet blocks (Br = 1.2 T, L × W × Th = 50.8 mm ×
0.8 mm × 25.4 mm, Master Magnetics Inc.). Each side of the
ontainer was fully covered by two NdFeB magnets. The inner
pace of container was fully packed with fine-grade stain-

ess steel wires (type 430 stainless steel, relative permeability

r = 409, diameter: 50 �m). After two batches of degradation
xperiments, treated water was added together and neutralized
hen pumped into the HGMS by a peristaltic pump (Fisher-

constructed HGMS.
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rand, Fisher). The flow rate was adjusted by a valve-integrated
owmeter. The term “separation efficiency (Φs)” was defined
s the ratio of “suspended particle concentration (SPC)” in
reated water after the separation to the SPC before the sepa-
ation. Suspended particle concentration (SPC) was estimated
y a previously used turbidity-SPC method [13]. Water sam-
les were taken at the time interval of 10 min for the turbidity
easurement. After separation, magnets were removed and the

eparation chamber was flushed by clean water.

. Theory and modeling

.1. Definitions and models

The photocatalytic degradation follows a pseudo-first-
rder kinetics, in agreement with a generally suggested
angmuir–Hinshelwood model [14,15], which is presented as:

d = dC

dt
= k KC

1 + KC
(1)

hen C is in millimolar scale (4.3 mmol l−1 in this study), Eq.
1) is simplified to an apparent first-order equation as KC � 1
14], which is:

n

(
C0

C

)
= kKt = kat (2)

q. (2) suggests that a plot of ln (C0/C)−t should represent a
traight line. The slope upon linear regression determines the
pparent first-order rate constant ka. Initial degradation rate is
ubsequently obtained from Eq. (1), once ka and initial concen-
ration C0 are known.

.2. Quantum efficiency

Quantum efficiency (η) gives a common ground to compare
he efficiency for different photochemical reactions involving
ifferent photocatalysts or reactor configurations. As defined
n literature [16,17], quantum efficiency equals the ratio of the
eaction rate of reactants (mol l−1 s−1) to the photon absorption
ate (einstein l−1 s−1), where an Einstein equals a mol of pho-
ons. Since reaction rate is dependant on time, initial quantum
fficiency is obtained when the reaction rate term is specified as
nitial reaction rate:

= reaction rate

photon absoprtion rate
= rd (mol l−1 s−1)

rph (Einstein l−1 s−1)
(3)
t should be noted that, when a photon travels into the reac-
ion space, scattering, reflection, and absorption of photons
ccur simultaneously. Only these photons absorbed by photo-
atalysts can induce the photocatalytic reaction. In heteroge-

w
a
f
a
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eous photocatalysis, the extent of light scattered and reflected
y the particles varies with the reactor geometry and reac-
ion conditions and may reach 13–76% of the total inci-
ent photon flow [17]. However, one particular difficulty in
uantum efficiency evaluation is the measurement of photons
hat are actually absorbed by photocatalysts. Thus, the term
apparent quantum efficiency” (ηa) was defined and has been
idely accepted in photocatalysis studies [3,18–21], in which

esearchers neglected scattering and reflection loss of photons to
implify the analysis and only focused on the yield of the process.
he apparent quantum efficiency is defined by the following
quation:

a = reaction rate

incident photon rate − remnant photon rate

= rd (mol l−1 s−1)

(Pa%Pin)/(hvNa)(einstein l−1 s−1)
(4)

here Pa is apparent power capture and calculated by the fol-
owing equation:

pparent power capture, Pa% = Pin − Pout

Pin
× 100 (5)

.3. Energy efficiency

Except for quantum efficiency, one of the practical yard-
ticks in an industrial environment is the energy efficiency,
hich describes the efficiency of a given process to deter-
ine its economic viability [17]. The energetic efficiency of

egradation (EED) is defined as the ppm of degraded organic
arbon in a solution irradiated per kW h of electrical energy
sed. EED enables a broad comparison applicable in differ-
nt water pollutant degradation processes involving different
eactors, light sources, etc. The EED comparison is a useful
arameter in economic analysis of various given water pollu-
ant degradation processes. In this study, EED is evaluated and
ompared for degradation processes by using different types of
hotocatalysts.

.4. Magnetic separation

For permanent magnets, an equation was suggested by man-
facturers to calculate the magnetic field along the axis [22,23].
or a single rectangular piece of permanent magnet, the mag-
etic field along its axis is determined by the following equation
23]:

(6)
here A, B, L are dimensions of magnet and X is the distance
way from the magnet along the axis. For identical magnets
acing each other in attracting positions, at a point P on the
xis between two magnets, HP is the sum of H(x+p) and H(x−p).
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n this study, the relative permeability (μr) of water and resin
as assumed to be unity [24] and Br = 1.2 T is provided by the
anufacturer.
Fine stainless steel wires were packed in the separation cham-

er to generate high magnetic field gradients. When the external
agnetic field (Hx in Eq. (6)) is applied, these magnetically sus-

eptible wires dehomogenize the magnetic field and produce
igh magnetic field gradients to attract fine magnetic particles.
odels have been presented to calculate the magnetic field gra-

ient in HGMS [25–27]. For a wire perpendicular to the external
agnetic field (H0), the generated magnetic field is calculated

y [27]:

r =
(

Mwirea
2

2r2 + H0

)
(7)

hus, the generated magnetic field gradient around wires was:

dHr

dr
= −Mwirea

2

r
(8)

here Hr is the magnetic field intensity at the distance r away
rom the wire, Mwire the mass magnetization of wire, a the diam-
ter of the wire and H0 is the external magnetic field. According
o the magnetization curve (available in the built-in materi-
ls library of FEMM 4.0), the mass magnetization (Mwire) of
ype 430 stainless steel has already reached saturation under
he applied magnetic filed in our study.
For a successful capture of magnetic photocatalyst particles,

agnetic traction force should be dominant among all the forces
xerted on particles including gravitational, diffusion, and fluid

O
c
r

Fig. 3. DLS results: (a) P25 and (b) PO
Journal 125 (2007) 165–176 169

rag force. Two assumptions are made before further investi-
ation. First, the diffusion force is negligible. It was reported
28] that diffusion of particles should be taken into account only
hen particle size is less than 40 nm. As indicated by DLS mea-

urements (Fig. 3), the average size of magnetic photocatalyst
articles is 650 nm due to their aggregation in water. Second, the
nteraction between particles is negligible due to the low particle
oncentration. In addition, the gravitational force could also be
eglected since it has a magnitude 10−3 lower than fluid drag
orce in terms of estimation. Therefore, the feasibility of parti-
le capture is determined by the competition between magnetic
raction force and fluid drag force. In an external magnetic field,
he traction force on magnetic particles is calculated by:

m = μVpMp∇H (9)

here Vp is the volume of particle and Mp is the mass magne-
ization of magnetic photocatalyst particles. The last term �H
tands for the magnetic field gradient (H). Generally, μ is the
xpressed by μr the multiplied by μ0. Since μr of water approx-
mately equals to 1, the permeability of water can be simplified
s μ0. Simplified as a 2D static magnet field, the magnetic force
as calculated by:

m = μ0VpMp
dHr (10)

dr

n the other hand, the drag force on the magnetic particles is
alculated by Stokes’ Law. When Reynolds number is in the
egion of 10−4 to 0.2, the drag force on a spherical particle is

M-based magnetic photocatalyst.
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xpressed by:

d = 3πμ du (11)

imilarly, several assumptions have been made to make it appli-
able in our system. First, particles are assumed to be spherical.
econd, there is no relative motion between particles and fluid

n the flow direction (y-direction, Fig. 2). The relative motion
nly occurs in x-direction.

. Results and discussion

.1. Photocatalysts

According to the specification data [29], P25 has 75%
natase, an average particle size of 21 nm, and a specific sur-
ace area of 50 ± 15 m2 g−1. The size of P25 particle aggre-
ates in water solution was measured by DLS and shown in
ig. 3(a). Results show that P25 particles are in good disper-
ion in water solution that these particles had an average size of
8 nm.

Fig. 3(b) shows the magnetic photocatalyst particles have
n average size of 650 nm due to their aggregation in water.

typical magnetization curve of paramagnetic materials was
bserved for the synthesized magnetic photocatalyst, as shown
n Fig. 4. The magnetization of particles increased sharply as
he external magnetic field increased from 0 to 3 × 105 A m−1.
hen the increasing trend slows down when the external mag-
etic field is higher than 1 × 106 A m−1, under which the
article’s mass magnetization reached its saturation value of
6.1 A m2 kg−1.

The surface morphology of bare quartz sand and quartz sand
upported TiO2 is shown in Fig. 5(a) and (b), respectively. It was
bserved that bare quartz sand has a relatively rough surface,
hich is favorable for TiO2 attachment. Fig. 5(b) shows that

iO2 was immobilized on quartz sand surface via sol–gel coating
ethod. It was also observed that TiO2 agglomerated into lumps

n the surface at the loading ratio of TiO2 and quartz sand (1 mg
iO2 g−1 quartz sand).

Fig. 4. Magnetic hysteresis loop of magnetic photocatalyst particles.
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ig. 5. SEM images: (a) bare quartz sand and (b) quartz sand supported TiO2

monolayer).

.2. Degradation rate, quantum efficiency and energy
fficiency

The mineralization of formic acid by direct photolysis was
etermined by the blank experiment. It was found that, under the
xperimental conditions, the formic acid in the solution miner-
lized 3.7% of its initial concentration (from 205.6 to 198 ppm)
fter 2 h UV-irradiation. This photolysis fraction was deducted
rom the total degradation percentage to investigate the effect
f photocatalytic degradation. Degradation result of each pho-
ocatalyst is shown in Fig. 6. Initial concentration of formic acid
olution was kept at 200 ppm for all degradation experiments.
he performance of POM-based magnetic photocatalyst at dif-

erent pH levels is also presented.
The time evolution of ln (C0/C) shows linear trends in all

egradation experiments, which suggests a pseudo-first-order
inetics. The observed pseudo-first-order kinetics is consis-
ent with results in other photocatalytic degradation studies

14,15,30]. The apparent reaction constant (ka) of each degrada-
ion was obtained by linear fitting. Corresponding initial reaction
ates were subsequently obtained. Table 1 shows the results of
pparent reaction constants and initial reaction rates. As it shows,
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ig. 6. Degradation results (8.5 l 200 ppm formic acid, 2 h degradation, P25:
.20 g, supported TiO2: 0.20 g TiO2 supported on 200 g quartz sands and POM-
ased magnetic photocatalyst: 1.04 g).

25 fine particles exhibit the highest initial degradation rate,
hich is 7.2 times faster than that of supported TiO2 photo-

atalyst. A comparison study carried out by Pozzo et al. [19]
lso found that the degradation efficiency of P25 fine particles
as remarkably lowered by a factor of five times after immo-
ilization. The activity loss of TiO2 could be ascribed to the
ecreased surface area of catalyst after immobilization and the
ower activity of sol–gel synthesized TiO2 due to the 450 ◦C
alcination involved in the immobilization of TiO2 [31].

As seen from Fig. 6, POM-based magnetic photocatalyst
hows intermediate degradation efficiency between P25 and
uartz sand supported TiO2. The degradation efficiency of mag-
etic photocatalyst is higher than the quartz sand supported TiO2
y a factor of 2.5–3.6 but generally lower than P25 fine parti-
les. Apparently, the submicron aggregates 650 nm of magnetic
hotocatalyst provide a much larger surface area than that of the
uartz sand supported TiO2. This greater surface area resulted
n a significant increase in the photocatalytic efficiency of POM
y providing more contact area between the catalyst and the
ontaminant for the oxidation reactions to take place.

Compared to P25, POM-based magnetic photocatalyst exhib-
ted lower degradation efficiency. Two factors should be taken

nto account for this lower degradation efficiency. First, as
ndicated in the DLS results (Fig. 3), the magnetic photocat-
lyst particles showed serious aggregations in water: an average
ggregate size of 650 nm is observed while P25 particles mainly

able 1
esults of apparent reaction constant and initial degradation rate

hotocatalyst Apparent reaction
rate constant, ka

(s−1)

Initial degradation
rate, rd

(mol l−1 s−1)

25 suspended fine particles 1.034 × 10−4 4.496 × 10−7

agnetic photocatalyst (pH 1.0) 6.073 × 10−5 2.640 × 10−7

agnetic photocatalyst (pH 2.0) 4.961 × 10−5 2.157 × 10−7

agnetic photocatalyst (pH 3.5) 3.878 × 10−5 1.686 × 10−7

uartz sand supported TiO2 1.442 × 10−5 6.270 × 10−8
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aintain a good dispersion condition. The larger surface area
rovided by P25 particles was favorable for the contact with
ontaminant molecule and the exposure under UV-irradiation,
oth of which contribute to improve the degradation efficiency.
oreover, POM has an inherently lower activity than TiO2 in

hotocatalytic degradation due to their different degradation
inetics. A comparison study of PW12O40

3− and TiO2 con-
ucted by Kim et al. [32] indicated that OH radicals were the
ole dominant photo-oxidant in POM-mediated degradations
hereas both OH radicals and direct hole transfers took part

n TiO2 photocatalysis. Hu and Xu [33] reported similar result
hat pure POM anions showed lower degradation efficiency than
uspended P25. In this study, POM anions were immobilized on
g/Fe3O4 composites to prepare the POM-based magnetic pho-

ocatalyst. The lower photocatalytic activity of POM than P25
ould also induce the lower degradation efficiency in the POM
hotocatalyzed degradation than P25 slurry system. Though it
as reported that [7,34] the immobilization of POM onto certain

upports could effectively enhance its activity, the improvement
as probably limited due to the relatively lower specific surface

rea (96 m2 g−1) of the Ag/Fe3O4 composite.
Furthermore, it should be noted that the degradation effi-

iency of POM-based magnetic photocatalyst varies with the
H of solution, as shown in Fig. 6. It was found that acid envi-
onmental was favorable for the degradation catalyzed by POM.
he initial degradation rate of formic acid over the POM-based
agnetic photocatalyst increased by a factor of 1.6 as the pH

f solution was lowered from 3.5 to 1.0. According to Hu and
u [33], the dependence of the photocatalytic activity of POM

nions on the pH might be associated with the partial change of
he H3PW12O14 (PW) structure from PW12 into PW11 at high
H.

To assess the apparent quantum efficiency, the remnant UV-
ux outside the reaction space was measured. As shown in
able 2, a remnant UV-flux was detected outside the UV-monitor
indow, indicating that a fully irradiated photoreaction (FIP)

ondition was achieved for all degradations. As a first obser-
ation, the quartz sand supported TiO2 has the highest power
apture (99.4%) of incident UV-flux among all photocatalysts.
25 particles showed a power capture of 92.7%. Apparent power
aptures ranged from 87.6% to 88.3% were obtained for the
OM-based magnetic photocatalyst, which is the lowest among

he three photocatalysts.
Apparent quantum efficiency and energy efficiency was cal-

ulated and shown in Table 2. P25 fine particles exhibited
he highest apparent quantum efficiency of 12.5% among all
egradations. This result is somewhat higher than these results
eported by other studies, which are usually under 10% [35,36].
he higher apparent quantum efficiency was ascribed to the low
iO2 (P25) concentration used in this study. In order to ensure

he FIP condition, a P25 concentration of 0.024 g l−1 is used in
his study, while P25 photocatalyst concentrations reported in
ther studies ranged from 1 to 8 g l−1. Under the FIP condition,

ower concentration of TiO2 fine particles in reaction space leads
o a lower extent of back-scattering and reflecting. This was well
upported by Serpone [17] that they studied the effect of TiO2
oncentrations on apparent quantum yield and found the appar-
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Table 2
Results of UV intensity measurements, apparent quantum efficiency and energy efficiency

Photocatalyst Remnant UV-flux
intensity (Iout)
(mW cm−2)

Remnant UV
power (Pout) (W)

Apparent power
capture (Pa%)

Apparent photon
capture rate (rph)
(einstein s−1)

Apparent quantum
efficiency (ηa%)

Energy efficiency
(EED)
(ppm kw−1 h−1)

Degussa P25 fine particlesa 0.254 0.592 92.7 1.592 × 10−5 12.5 9199.1
Magnetic photocatalysta,b 0.405 0.944 88.3 1.517 × 10−5 6.90 5402.9
Magnetic photocatalysta,c 0.431 1.005 87.6 1.504 × 10−5 6.36 4412.7
Magnetic photocatalysta,d 0.414 0.965 88.1 1.512 × 10−5 4.99 3450.1
Quart sand supported TiO2

a 0.022 0.051 99.4 1.706 × 10−5 1.84 1282.9

a Incident UV-flux intensity (Iin) = 8.390 mW cm−2 and incident UV power (Pin) = 8.093 W.
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nt quantum yield increased from 1.1% to 21.5% as the TiO2
oncentration decreased from 4 to 0.10 g l−1.

The supported TiO2 photocatalyst shows 6.8 times lower
pparent quantum efficiency than that of P25 fine particles. This
ignificant loss in quantum efficiency is induced by the lower
nitial reaction rate and larger particle sizes of the quartz sand
upported TiO2. Eq. (4) indicates that a lower degradation rate is
irectly associated with lower apparent quantum efficiency at a
xed apparent power capture of UV-flux. On the other hand, it is
nown that large particles induce serious scattering and reflec-
ion loss of UV-flux, which subsequently lead to low quantum
fficiency.

Similar to the degradation rate results, the POM-based mag-
etic photocatalysts showed intermediate apparent quantum effi-
iency between P25 fine particles and supported TiO2. Due to the
ariation of initial reaction rates, the quantum efficiency changes
ith the acidity of water solution. The highest apparent quan-

um efficiency of 6.90% was obtained at pH 1.0, which is 1.8
imes lower than P25 fine particles and 3.8 times higher than the
uartz sand supported TiO2 photocatalyst. The higher degrada-
ion rate and quantum efficiency of the POM-based magnetic
hotocatalyst ensured its applicability for practical use.

Additionally, the energy efficiency was calculated for each
egradation system. The energy efficiency could be used as
convenient reference for the evaluation of economical fea-

ibility of each photocatalytic reacting system. The ratio of
pparent quantum efficiency to the energy efficiency could be
sed to examine the power utilization of the reacting system
nd optimize reactor configuration and photocatalyst loading.
he energy efficiency results in Table 2 indicated that the POM-
ased magnetic photocatalyst (5402.9 ppm kw−1 h−1 at pH 1.0)
ad a significantly higher (4.2 times) energy efficiency than the
upported TiO2 photocatalyst (1282.9 ppm kw−1 h−1), although
ower than the P25 fine particles (9199.1 ppm kw−1 h−1).

.3. Magnetic separation

.3.1. Particle capture capacity

Finite element analysis (FEA) was employed to simulate the

agnetic field intensity/gradient distribution in the HGMS. Sim-
lations were carried out by FEMM 4.0 (Foster–Miller Inc.). The
GMS separation chamber was simplified as a 2D static mag-

s
m
m
F

etic filed because the width of separation chamber (40 mm)
as smaller than that of magnet (50.8 mm). As indicated later

Fig. 7(b)), this could ensure a fairly uniform magnetic field
n the width direction (z-direction in Fig. 2). All simulations
ere conducted under an open boundary approximation with

n asymptotic boundary [37]. The results of the magnetic field
istribution in the separation chamber before and after packing
he fine-grade stainless steel wires were shown in Figs. 7 and 8,
espectively.

From Fig. 7(a), it is observed that a fairly uniform magnetic
led exists in the space between magnets. The magnetic field
H) data at the boundaries (i.e., left and right walls, x = ±10),
he center axis (x = 0), and the positions between the center and
alls (x = ±5) of separation chamber were plotted in Fig. 7(b).
is the distance from the bottom of magnets as shown in

ig. 2 (y = 10–90 mm for the separation chamber section). It
as shown in Fig. 7(b) that, despite of the remarkable vari-

nces near the top and bottom regions of the separation chamber,
.e., y = 10–20 and y = 80–90 mm, an analogously constant mag-
etic field with the magnitude of 2.3 × 108 A m−1 exists in most
rea of the separation chamber. Hence, the height range between
= 20 mm and y = 80 mm in the separation chamber was consid-
red as a “constant H region” with the magnetic field intensity
f 2.3 × 108 A m−1.

The dehomogenized magnetic field in the wire matrix was
hown in Fig. 8(a). A new Cartesian coordinate designated as
′–y′ was created to avoid confusion with the coordinate in Fig. 2.
he packing of wires was idealized to be uniform. Line A, B,
, B′ and A′ were chosen as typical positions in the voidage

pace to investigate the magnitude of the generated magnetic
eld gradients. Fig. 8(b) shows that the generated magnetic field
radient (dH/dr) ranged from 5.46 × 1012 to 1.68 × 1014 A m−2.
he (dH/dr)min gives the minimum traction force exerted on
article.

For the magnetic photocatalyst particles, the average diame-
er of particle aggregates was determined to be 650 nm by DLS.
n terms of the magnetic hysteresis loop shown in Fig. 4, the mag-
etization of magnetic photocatalyst particles already reached

aturated magnetization (46.1 A m2 kg−1) when the external
agnetic field is higher than 106 Am−1. Since the generated
agnetic field is far higher in the separation chamber (see
ig. 7(b)), the magnetization of particles was kept at the sat-
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Fig. 7. Magnetic field distribu

rated value during the separation. By substituting these values
nd (dH/dr)min in Eq. (10), a minimum magnetic traction force
ith a magnitude of 5.50 × 10−9 N was obtained for magnetic
hotocatalyst particles.

In terms of Eq. (11), the fluid drag force on particles was
ependent on its relative velocity to fluid. In this study, mag-
etic particles were assumed to have no relative motion with
uid at y-axis, i.e., they move at the same velocity as the fluid

n y-direction. Since the relative motion only occurs on x-axis,
he term “u” in Eq. (11) actually designates the relative veloc-
ty of particles with fluid on x-direction (ur,x). The calculation
f fluid drag force may become rather complicated because ur,x
as affected by magnetic traction force that is strongly position-
ependent without a good definition, as shown in Fig. 8(b).

owever, within the flow range of 10−4 < Re < 0.2, a magnitude
f 1.88 × 10−9 to 9.42 × 10−13 N was obtained by using Eq.
11). These results preliminarily predict the feasibility for the
agnetic photocatalyst separation by using the lab-constructed

fl
m
u
H

HGMS separation chamber.

GMS since the minimum magnetic traction force was three
imes larger than fluid drag force. Furthermore, it should be
oticed that, as magnetic particle approaches wire, the magnetic
raction force becomes larger, which will result a higher fluid
rag force due to the acceleration. In other words, the magnetic
raction force will increase as the fluid drag force increases,
hich further ensured the argument that magnetic force domi-
ates the forces on particles in the entire approaching process.

.3.2. Separation experiments
The separation efficiency is affected by fluid velocity because

he retention time of particles in the HGMS depends on the
uid flow velocity. Therefore, separation experiments were con-
ucted at different flow velocities to investigate the influence of

uid velocity on the separation efficiency. Separation experi-
ents at each flow velocity were conducted for 60 min contin-

ous operation to examine the magnetic separation capacity of
GMS. Three flow velocities, 0.688, 1.375 and 3.440 mm s−1
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round fine-grade stainless steel wires.
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Fig. 8. Magnetic field gradients a

ere chosen, which give a retention time of approximately
, 1 and 0.4 min for magnetic photocatalyst particles, respec-
ively. Fig. 9 shows the separation results at three different flow
elocities.

As seen from Fig. 9, steady separation performance in 60 min
ontinuous operation was observed at the flow velocity of 0.688
nd 1.375 mm s−1, which is due to the synergic effect of low
article concentration (0.012 wt.%) in treated water and the
ow fluid flow velocity applied. At the lowest flow velocity,
.e., 0.688 mm s−1, the separation efficiency kept at 95.4% with

inor fluctuations. A threshold fluid velocity of 1.375 mm s−1

as found for maintaining the separation efficiency higher than
0.1%. It was shown that the separation efficiency decreased to
0.1–95.2% at the flow velocity of 1.375 mm s−1 with a slightly
ecreasing trend as the separation proceeded. As flow velocity

ncreased to 3.440 mm s−1, the separation efficiency remark-
bly decreased to 60.4–75.3% in 60 min continuous operation
ith an obvious decreasing trend. The experimental results sug-
est a strongly dependence of the magnetic separation efficiency Fig. 9. Magnetic separation results.
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n the particle retention time inside the HGMS. Also, it con-
rmed that the novel POM-based magnetic photocatalyst could
e efficiently separated from treated water by using HGMS and
ontrolling the flow velocity.

. Conclusion

A novel POM-based magnetic photocatalyst was assessed
nd compared to the conventional suspended P25 fine particles
nd supported TiO2 photocatalysts with respect to the degra-
ation rate, apparent quantum efficiency and energy efficiency.
hough lower than P25 fine particles, the apparent quantum effi-
iency of the magnetic photocatalyst was 2.7–3.8 times higher
han quartz sand supported TiO2, depending on the pH of solu-
ion. At three pH levels involved in this study (pH 1.0, 2.0 and
.5), it exhibited the highest initial degradation rates at pH 1.0,
hich is nearly 1.6 times higher than the lowest degradation

ate at pH 3.5. By using a lab-constructed HGMS, the magnetic
hotocatalyst particles were efficiently separated from treated
ater, with the separation efficiency higher than 90.1% at the
ow velocity lower than 1.375 mm s−1 under the studied mag-
etic photocatalyst loading.
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