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a b s t r a c t

This study investigates the photocatalytic degradation of p-phenylenediamine (PPD) with titanium
dioxide-coated magnetic poly(methyl methacrylate) (TiO2/mPMMA) microspheres. The TiO2/mPMMA
microspheres are employed as novel photocatalysts with the advantages of high photocatalytic activity,
magnetic separability, and good durability. The scanning electron microscopy (SEM), energy dispersive
spectrometer (EDS), and transmission electron microscopy (TEM) images of the TiO2/mPMMA micro-
spheres are used to characterize the morphology, element content, and distribution patterns of magnetite
and TiO2 nanoparticles. The BET-specific surface area and saturation magnetization of the TiO2/mPMMA
microspheres are observed as 2.21 m2/g and 4.81 emu/g, respectively. The photocatalytic degradation of
PPD are performed under various experimental conditions to examine the effects of initial PPD concen-
V radiation

itanium dioxide
agnetic poly(methyl methacrylate)

tration, TiO2/mPMMA microsphere dosage, and illumination condition on the eliminations of PPD and
chemical oxygen demand (COD) concentrations. Good repeatability of photocatalytic performance with
the use of the TiO2/mPMMA microspheres has been demonstrated in the multi-run experiments. The
photocatalytic kinetics for the reductions of PPD and COD associated with the initial PPD concentration,
UV radiation intensity, and TiO2/mPMMA microsphere dosage are proposed. The relationships between
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. Introduction

p-Phenylenediamine (PPD), also named 1,4-diaminobenzene or
,4-phenylenediamine, is an aromatic amine used as a component
f engineering polymers and composites, aramid fibers, hair dyes,
ubber chemicals, textile dyes, and pigments. However, PPD has
een found to be hazardous in case of ingestion, inhalation, skin
ontact, and eye contact [1–3]. Acute exposure to high level of PPD
oncentration may cause severe dermatitis, eye irritation and tear-
ng, asthma, gastritis, renal failure, vertigo, tremors, convulsions,
nd coma in humans [4,5].

Titanium dioxide (TiO2) pigment is a fine and white powder that
rovides for excellent whiteness and opacity in paints, plastics, and

aper. These unique properties are derived from the higher refrac-
ive index of TiO2 that expresses the ability to scatter light. TiO2
s known to be a promising material for a practical photocatalyst
n the removal of organic pollutants [6]. However, the commercial

∗ Corresponding author. Tel.: +886 932 234945.
E-mail address: yhchen1@ntu.edu.tw (Y.-H. Chen).
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D and PPD are clearly presented.
© 2008 Elsevier B.V. All rights reserved.

iO2 photocatalyst usually has a small particle size that is hard to
ecover after use and tends to cause the accumulation or blocking
n the instruments, thus limiting its practical use. Magnetic com-
osites such as magnetic polymer microspheres have created great

nterest and application in the biotechnology and medicine fields
uring the past years [7,8]. The magnetic polymer microspheres
an be effectively separated and collected in the environment of
he magnetic field that is appropriate for application in the areas
f the cell isolation, enzyme immobilization, protein and enzyme
urification, water treatment, and targeting drug [9–14].

The contribution of the present paper is to further modify
he magnetic poly(methyl methacrylate) (mPMMA) microspheres
hich were synthesized using a modified suspension poly-
erization [15]. The novel TiO2-coated magnetic poly(methyl
ethacrylate) (TiO2/mPMMA) microspheres is obtained by the
odified suspension polymerization and the following titania-
oating process in this study. The magnetic polymer microspheres
ave a particle diameter of several micrometers, a narrow size
istribution, and high magnetite content. The magnetic polymer
icrospheres with nonporous structure are favorable for further

urface modification and can be applied as ideal magnetic car-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yhchen1@ntu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.07.097
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Nomenclature

Aq outer area of quartz tubes submerged in solution
(cm2)

CBLb concentration of PPD in solution (mg/L)
CBLb0 initial concentration of PPD in solution (mg/L)
CCOD concentration of COD in solution (mg/L)
CCOD0 initial concentration of COD in solution (mg/L)
COD chemical oxidation demand
Fs fraction of emitting light absorbed by solution
Hc coercivity (Oe)
[I] UV radiation intensity (W/L)
[I254] UV radiation intensity at 254 nm (W/L)
[I365] UV radiation intensity at 365 nm (W/L)
[IUV] light intensity measured on outer surface of quartz

tubes (W/cm2)
kB photocatalytic reaction rate constant in Eq. (1)

(mg/(L min))
kB

′ modified kB in Eq. (2), kB
′ = kB/[I254] (mg/(W min))

kCOD photocatalytic oxidation rate constant in Eq. (3)
(min−1)

KB equilibrium adsorption constant of Langmuir’s
isotherm in Eq. (1) (L/mg)

Kow octanol/water partition coefficient
mPMMA magnetic poly(methyl methacrylate)
Mr residual magnetization per gram (emu/g)
Ms saturation magnetization per gram (emu/g)
OMP oleic acid-coated magnetite nanoparticles
PPD p-phenylenediamine
r0 initial photocatalytic reaction rate (mg/(L min))
R2 determination coefficient
t time (min)
TiO2 titanium dioxide
TiO2/mPMMA titanium dioxide-coated magnetic

poly(methyl methacrylate)
UV ultraviolet
VL volume of solution (L)
Wcat TiO2/mPMMA microsphere dosage (g/L)

Greek letters
�BLb reduction percentage of PPD (%), =1 − CBLb/CBLb0
�COD reduction percentage of COD (%), =1 − CCOD/CCOD0
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melting point of 143–145 ◦C, boiling point of 267 ◦C, and CAS reg-
istry number of 106-50-3. The vapor pressure and log octanol/water
partition coefficient (log Kow) of PPD are 2.40 × 10−5 atm and 1.53 at
25 ◦C, respectively [23]. The molecular structure of PPD is shown in
Fig. 1. The experimental solutions of different CBLb0 were prepared
�B initial fraction of TiO2 surface covered by PPD,
=KBCBLb0/(1 + KBCBLb0)

iers. Commercial TiO2 nanoparticles (Degussa P-25) are directly
mployed in the coating process to reduce the synthetic complexity
nd cost.

Furthermore, this study is to investigate the photocatalytic
egradation of PPD with the TiO2/mPMMA microspheres in an
queous solution. The available information about the photocat-
lytic degradation of PPD is found scarce and desirable. As a
esult, the good magnetic and photocatalytic characteristics of
he TiO2/mPMMA microspheres are presented from their abun-
ant magnetite and photocatalyst contents. Thus the TiO2/mPMMA
icrospheres have high potential to be applied in both the slurry

hotocatalytic reactor and magnetic separation process that over-
omes the difficulty in recovering the used TiO2 particles. Recently,

everal studies attempted to prepare the photocatalysts with regard
o the photoactive and magnetic properties [16–18]. However, the
irect coating of TiO2 on the magnetite core would decrease the
hotocatalytic activity because the generated electrons and holes in
iO2 particles were transferred to the neighboring magnetite rather

F
m

Materials 163 (2009) 973–981

han to the TiO2 surface [19]. Xu et al. [20,21] proposed a novel
rocess to synthesize the TiO2-coated SiO2/NiFe2O4 nanosphere as
he magnetically separable photocatalyst. The TiO2/SiO2/NiFe2O4
hotocatalysts show high stability and photoactivity for the degra-
ation of methyl orange in the solution. The insulating silica layer
as adopted to avoid the interactions between the magnetite

ore and titania coating [16,18–21]. For our best knowledge, there
ere only few studies about the magnetic TiO2 polymer compos-

tes. Comparing to the TiO2 photocatalysts with the composition
f silica-coated magnetite, the synthesized TiO2/mPMMA micro-
pheres have the advantages of good insulation property, simple
itania-coating process, low density, polymer characteristics, and
article size controllability [15].

In this study, the morphology, BET-specific surface area, mag-
etic properties, and durability of the TiO2/mPMMA microspheres
ave also been characterized. The photocatalytic experiments of
PD are performed in the completely stirred tank reactor under the
onditions of various TiO2/mPMMA microsphere dosages (Wcat),
nitial PPD concentrations (CBLb0), and illumination radiation. The
oncentration variations of PPD and chemical oxygen demand
COD) of the solution are analyzed at the specified time intervals to
tudy the photocatalytic degradation of PPD. The COD value, which
epresents a lump of organic compounds in a certain oxidation
tate, is often used to indicate the treatment efficiency [22]. When
ome chemical species are oxidized during the photocatalytic pro-
ess, the decrease in COD is employed to characterize the change
f these fractions. Moreover, the photocatalytic kinetics for the
PD and COD reductions associated with the operation parameters
ave been obtained. In addition, the durability of the TiO2/mPMMA
icrospheres in the photocatalytic process is demonstrated by the
ulti-run experiments.

. Materials and methods

.1. Chemicals

PPD, with a chemical formula of C6H8N2 purchased from
igma–Aldrich (St. Louis, MO, USA), has a molecular weight of 108.1,
ig. 1. Molecular structure and simplified photocatalytic scheme of PPD under illu-
ination of UV radiation with TiO2/mPMMA microspheres.
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ith deionized water, and the initial pH value of the solution was
bout 7.04.

Ferric chloride hexahydrate (FeCl3·6H2O, 99%), ferrous chloride
etrahydrate (FeCl2·4H2O, 99%), ammonium hydroxide (NH4OH,
5%), and methyl methacrylate (MMA) in the reagent grade were
urchased from Merck (Darmstadt, Germany). Oleic acid was
btained from Nacalai Tesque (Kyoto, Japan). Polyvinyl alcohol
PVA) was used as a stabilizer and has a molecular weight of
2,000 g/mol as purchased from Acros (Geel, Belgium). Methylene
lue trihydrate was purchased from MP Biomedicals (Irvine, CA,
SA). Divinylbenzene (DVB) used as the crosslinker was purchased

rom Tokyo Chemical Industry (Tokyo, Japan). Benzoyl peroxide
BPO) used as an initiator for the polymerization was obtained
rom Fluka (St. Gallen, Switzerland). Hexane used as the solvent was
urchased from Hayashi Pure Chemical Industries (Osaka, Japan).
MA and DVB were purified by the vacuum distillation prior to

se. Other chemicals were used without any further purification.
egussa P25 TiO2 (Dusseldorf, Germany) with the primary particle

ize and specific surface area of 21 nm and 50 m2/g, respectively,
as employed.

.2. Preparation of TiO2/mPMMA microspheres

The co-precipitation method was carried out for the preparation
f nano-sized oleic acid-coated magnetite (Fe3O4) nanoparticles
OMP). 23.5 g FeCl3·6H2O and 8.6 g FeCl2·4H2O were dissolved
n 500 mL deionized water under the condition of continuous
itrogen purge. The temperature of the solution was set at 85 ◦C
nd then 27.8 mL NH4OH was added rapidly. Oleic acid was sub-
equently dropped into the solution within 10 min. The stirring
peed was controlled at 600 rpm until a block-like magnetite gel
ppeared. At that moment, the bulk solution apparently became
lear because of the formation of large gel pieces as the aggre-
ation of OMP. The obtained gel was cooled to room temperature
nd washed several times with deionized water. The shape of the
MP was close to a sphere with a particle diameter of about 8 nm

15].
The mPMMA microspheres were prepared by the modified

uspension polymerization. The characteristic of the modi-
ed suspension polymerization is to introduce the OMP into
he suspension polymerization system for the product of the

agnetite-encapsulated polymer particles [15,24,25]. 2 g BPO,
5 mL MMA, 10 mL DVB, and 30 mL hexane along with 15 g mag-
etite gel were mixed to form the organic phase, which was
trongly agitated and subjected to ultrasonication for 3 min to
ssure the homogeneous dispersion of the OMP. The water phase
onsisted of 25 g PVA, 5 mL methylene blue trihydrate, and 1000 mL
eionized water. Afterwards the two phases were mixed at a
tirring speed of 600 rpm in the reactor equipped with four ver-
ical baffles under continuous nitrogen purge. The temperature of
he synthetic solution was increased from 45 ◦C to 55 ◦C within
h, then maintained at 60 ◦C for 2 h, and finally held at 70 and
0 ◦C for 1 h each. After the synthesis process was completed, the
PMMA microspheres were separated from the solution by a mag-

et and washed by deionized water and acetone in turn to remove
he attached stabilizer and other impurities on the particle sur-
ace.

15 g mPMMA microspheres were mixed thoroughly with 45 g
iO2 in a 500-mL beaker. The mixture was then placed in the high
emperature oven at 220 ◦C, which is close to the glass transition

emperature of the mPMMA microspheres, for the adherence of
iO2 nanoparticles on the softened surface of the mPMMA micro-
pheres. After being in the oven for 2 h, the beaker containing
he TiO2/mPMMA microspheres and excess TiO2 nanoparticles was
aken out and cooled at room temperature. The TiO2/mPMMA

W
d
e
s
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icrospheres were washed with deionized water and then sepa-
ated with a magnet to remove the non-adhered TiO2 nanoparticles.

.3. Characterization of TiO2/mPMMA microspheres

The morphology and elemental composition of the
iO2/mPMMA microspheres were observed by the scanning
lectron microscopy (SEM, JEOL, model JEOL-5610, Tokyo, Japan)
nd energy dispersive spectrometer (EDS, Oxford INCA Energy,
xfordshire, UK), respectively. In addition, the transmission elec-

ron microscopy (TEM, JEOL, model JEOL-2000EX, Tokyo, Japan)
as utilized to investigate the morphology of the microtomed

iO2/mPMMA microspheres. The porosity of the mPMMA micro-
pheres was estimated by the mercury porosimeter (Micromeritics,
odel Autopore 9520, Norcross, GA, USA). The BET-specific sur-

ace areas of the mPMMA and TiO2/mPMMA microspheres were
nalyzed with Micrometrics ASAP 2010 (Atlanta, GA, USA). The
agnetization curves of the samples were recorded with the

uperconducting quantum interference device (SQUID, Quantum
esign, model MPMS-XL7, San Diego, CA, USA). The magneti-
ation of the TiO2/mPMMA microspheres is considered with
egligible influence on the photocatalysis due to the nonmagnetic
roperties of both PPD and TiO2. The zero point charge of the
iO2/mPMMA microspheres was measured as pH 6.52 by the
nstrument (Zetasizer nanoZS90, Malvern, Worcestershire, UK).

.4. Experimental instrumentation

The airtight reactor with 17.2 cm inside diameter was made of
yrex glass with an effective volume of 5.5 L and equipped with a
ater jacket to maintain a constant solution temperature at 25 ◦C

n all photocatalytic experiments. The design of the reactor was
ased on the criteria for the shape factors of a standard six-blade
urbine [26]. Two quartz tubes of 3.8 cm outside diameter sym-

etrically installed inside the reactor were used to house the UV
amps. The low-pressure mercury lamps of the model HNS 20W/U
Z (Osram, Münich, Germany) and model PL-S 9W (Philips, Eind-
oven, Netherlands) principally provided UV radiation at 254 and
65 nm, respectively. The radiation intensity [I] was measured by
digital radiometer (Ultra-Violet Products (UVP), Upland, CA, USA)
ith the radiation sensors of models DIX-254A and DIX-365A.

The concentration of PPD (CBLb) was analyzed using a
igh-performance liquid chromatography (HPLC) system, with

250 mm × 4.6 mm column (model ODS-2, GL Sciences Inc.,
okyo, Japan) and a diode array detector (model L-2455, Hitachi,
okyo, Japan) at 238 nm. The HPLC solvent with a flow rate of
.0 mL/min had a composition of methanol/water of 50:50. The
njection volume of the analytical solution was 40 �L, and the
etection limit of CBLb was 0.01 mg/L. The COD concentration
CCOD) was measured by the COD analyzer (model PhotoLab S12,

issenschaftlich-Technische Werkstatten GmbH & Co., KG (WTW),
eilheim, Germany) using the reagent (model C3/25, WTW, Weil-

eim, Germany) with the measurement range of 15–150 mg/L. The
epeatability of the CCOD measurement was performed with the
elative standard deviation less than 3%. All fittings, tubings, and
ottles were made of stainless steel, Teflon, or glass.

.5. Photocatalytic experiments of PPD with TiO2/mPMMA
icrospheres
The experiments were conducted under various conditions of
cat, CBLb0, and UV radiation intensity ([I]) for the photocatalytic

egradation of PPD. About 3.705 L of solution (VL) was used in each
xperiment, while the total sampling volume was within 5% of the
olution. The stirring speed was 800 rpm to ensure the complete
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Fig. 2. SEM (2K×) image of TiO2/mPMMA microspheres.
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Fig. 3. EDS spectra of mPMMA and TiO2/mPMMA mic
Materials 163 (2009) 973–981

ixing of the system according to the previous study [27]. Four
BLb0 of 3.5, 10, 50, and 332 mg/L were adopted in the experiments.
he initial COD concentration (CCOD0) is 95.0 mg/L in the case of
BLb0 = 50 mg/L, while the CCOD0 of the solution is proportional to
BLb0. The effect of Wcat on the photocatalytic degradation of PPD
as evaluated with three different levels of 0.4, 1, and 2.5 g/L.

The contribution of UV radiation was tested with two intensi-
ies at 254 nm ([I254]) of 0.0889 and 0.174 W/L and one intensity
t 365 nm ([I365]) of 0.439 W/L. The [I] with the unit of W/L was

efined as the average applied power of UV radiation per unit vol-
me in the well-mixed system, which would be proportional to the
umber of photons absorbed by the solution per unit volume and
ime. The [I] value was calculated from the product of [IUV](Aq/VL)Fs,
here [IUV] is the light intensity measured on the outer surface of

rospheres. (a) mPMMA and (b) TiO2/mPMMA.
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Fig. 4. TEM (6K×) image of microtomed TiO2/mPMMA microspheres.

Fig. 5. Magnetization curves of mPMMA and TiO2/mPMMA microspheres measured
b
T
r

t
e
r
t
s
ous studies [25,29,30]. Therefore, the TiO2/mPMMA microspheres
obtained in this work are applicable to the magnetic separation
process.

Table 1
Magnetic properties of mPMMA and TiO2/mPMMA microspheres

Samples Ms (emu/g) Mr (emu/g) Mr/Ms Hc (Oe)
Y.-H. Chen et al. / Journal of Haz

he quartz tubes by the sensor with the unit of W/cm2, Aq is the
uter area (cm2) of the quartz tubes submerged in the solution, and
s is the fraction of the emitting UV light absorbed by the solution
28]. The value of Fs was detected close to the unit in the experi-

ents by measuring the transmittance of the UV radiation through
he solution. It should be addressed that the Fs value may relate
o the Wcat and need to be practically measured in the pilot scale
xperiments.

The solution with the preset CBLb0 and Wcat was prepared for the
xperiments. Before the experiments were started, the UV lamps
ere set on and cut off by aluminum foil for 30 min to ensure the

tability of the UV intensity and solution temperature. Then the
V radiation was introduced into the reactor to begin the photo-
atalytic degradation of PPD when the system was ready to start.
amples were drawn out from the reactor at desired time intervals
n the course of the experiments. The TiO2/mPMMA microspheres
n the samples were immediately recovered by a magnet, and the
BLb and CCOD values of the samples were analyzed. Moreover, the
ulti-run experiments were carried out for five successive runs to

est the durability of the TiO2/mPMMA microspheres.

. Results and discussion

.1. Characteristics of TiO2/mPMMA microspheres

The morphology, BET-specific surface area, EDS, and magnetic
roperties of the TiO2/mPMMA microspheres are characterized.
he morphology of the TiO2/mPMMA microspheres is shown by
he SEM image in Fig. 2. Furthermore, the mPMMA microspheres
re observed with the nonporous structure and BET-specific sur-
ace area of 0.776 m2/g. After the coating of TiO2 nanoparticles
n the mPMMA microspheres, the TiO2/mPMMA microspheres
ave a roughly spherical shape, particle size on the order of sev-
ral micrometers (about 4–8 �m), and higher BET-specific surface
rea of 2.21 m2/g. The increase in the BET specific surface area is
ttributed to the coated TiO2 nanoparticles on the surface of the
PMMA microspheres. As for the micro-sized TiO2/mPMMA pho-

ocatalysts, the recovery efficiency of such small particles can be
ignificantly enhanced with the application of the magnetic sepa-
ation compared to the gravity separation [15,24].

The EDS spectra of the mPMMA and TiO2/mPMMA microspheres
re exhibited in Fig. 3. Apparently, the elemental peak of titanium
eing invisible for the mPMMA microspheres (Fig. 3(a)) would
ppear after the coating of TiO2 nanoparticles as indicated in
ig. 3(b). For the further investigation, the distribution patterns
f the magnetite and TiO2 nanoparticles are depicted by the TEM
mage of the microtomed TiO2/mPMMA microsphere in Fig. 4. It
an be observed that the dispersion of the magnetite nanoparti-
les encapsulated inside the mPMMA microspheres is considerably
niform. Additionally, the TiO2 nanoparticles coated on the surface
f the mPMMA microspheres form a multilayer coating with the
hickness of about 100–250 nm.

The magnetic properties of the mPMMA and TiO2/mPMMA
icrospheres are characterized by a SQUID magnetometer at the

oom temperature as shown in Fig. 5. The magnetization of the
amples would approach the saturation values when the applied
agnetic field increases to 15,000 Oe. All the magnetization curves

how the typical superparamagnetic behavior without the hystere-
is loop. Furthermore, the values of the saturation magnetization

Ms), residual magnetization (Mr) per gram, remanence/saturation

agnetization ratio (Mr/Ms), and coercivity (Hc) of the samples
re listed in Table 1. The mPMMA microspheres have the greater
s value of 5.92 emu/g. The Ms of the synthesized TiO2/mPMMA
icrospheres would decrease to 4.81 emu/g due to the coating of

m
N
T
T

y SQUID. (×) mPMMA (obtained from Chen et al. [15]); (�), (©), and (♦): new
iO2/mPMMA, TiO2/mPMMA used for once, and TiO2/mPMMA used for five runs,
espectively.

he nonmagnetic TiO2 nanoparticles. The superparamagnetic prop-
rties of the mPMMA and TiO2/mPMMA microspheres are also
eflected in the small Mr/Ms and Hc values. One may notice that
he Ms of the synthesized TiO2/mPMMA microspheres is on the
ame order as those of the magnetic polymer carriers in the previ-
PMMAa 5.92 0.253 0.0427 12.7
ew TiO2/mPMMA 4.81 0.202 0.0421 13.1
iO2/mPMMA used for once 4.96 0.204 0.0411 12.7
iO2/mPMMA used for five runs 4.69 0.186 0.0397 14.3

a Obtained from Chen et al. [15].
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Fig. 6. Variations of CBLb/CBLb0 with time for the photocatalytic degradation of PPD with TiO2/mPMMA microspheres under various experimental conditions. (a) (�), (�),
( (�), (©
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©), and (♦): Wcat = 0, 0.4, 1, and 2.5 g/L; CBLb0 = 50 mg/L; [I254] = 0.174 W/L. (b) (�),
I254] = 0.174 W/L; (�): [I254] = 0.0889 W/L; (�): [I365] = 0.439 W/L; (�): [I] = 0 W/L. CBLb

cat = 1 g/L, [I254] = 0.174 W/L.

.2. Photocatalytic degradation and kinetics of PPD

Fig. 6(a–c) show the time variations of CBLb/CBLb0 under the
xperimental conditions of various Wcat, CBLb0, and [I], respectively.
n Fig. 6(a), the elimination of PPD via the direct photolysis (Wcat = 0)

ith [I254] = 0.174 W/L is found remarkable. This is because the
enzene ring containing the amino substitution has a great molar
dsorption coefficient of UV radiation [31]. By comparison, the pho-
ocatalytic degradation of PPD in the presence of the TiO2/mPMMA

icrospheres would have a higher decomposition rate. However,
ne should note that the mechanisms of the direct photolysis and
iO2 photocatalysis of PPD are different that is demonstrated by the
istinct variations of COD as described in Section 3.3. Furthermore,
he effect of Wcat on the decomposition rate of PPD is insignificant,
ndicating that the Wcat values employed in this study are sufficient
or the utilization of UV radiation.

On the other hand, the effect of CBLb0 on the photocatalytic
egradation of PPD is remarkable as shown in Fig. 6(b). Although
he elimination rate at higher CBLb0 seems to be slower in terms of
BLb/CBLb0, the actual removal rate of PPD (dCBLb/dt, mg/(L min))
s evidently higher. The Langmuir–Hinshelwood model is often
pplied to quantify the photocatalytic reaction rate [32–35]. The
nitial photocatalytic reaction rate (r0) is supposed to relate to the
nitial fraction of TiO2 surface covered by PPD (�B). Further, the
quation for the r0 can be derived as Eq. (1) by combining with c
), and (♦): CBLb0 = 3.5, 10, 50, and 332 mg/L; Wcat = 1 g/L, [I254] = 0.174 W/L. (c) (©)
mg/L, Wcat = 1 g/L. (d) (©), (�), (�), and (♦): 1st, 3rd, 4th, and 5th run. CBLb0 = 50 mg/L,

angmuir’s isotherm.

0 = −dCBLb

dt

∣∣∣
t=0

= kB�B = kBKBCBLb0

1 + KBCBLb0
(1)

here kB and KB are the photocatalytic reaction rate constant and
quilibrium adsorption constant of Langmuir’s isotherm, respec-
ively.

Moreover, the illumination condition of the UV radiation plays
n important role in the photocatalytic degradation of PPD as
epicted in Fig. 6(c). The cases with [I] = 0 and [I365] = 0.439 W/L
ave small removal efficiencies of about 11% and 19% in 180 min,
espectively. One may notice that the photocatalytic properties of
he TiO2/mPMMA microspheres are similar to those of the original
egussa P25 TiO2 particles. The inefficient photoactivity of Degussa
25 TiO2 particles under UVA illumination at 365 nm has also been
ound in the previous study [36]. Oppositely, the elimination rate
f PPD is remarkably enhanced with the presence of UV radiation
t 254 nm. Assuming that the kB is proportional to the [I254] value
37], Eq. (2) can be obtained by substituting kB = kB

′[I254] into Eq.
1).
[I254]
r0

= 1
(k′

BKBCBLb0)
+ 1

k′
B

(2)

Table 2 summaries the r0 values under various experimental
onditions, demonstrating the significant increase of the r0 with
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Table 2
Values of r0 and kCOD for the photocatalytic degradation of PPD with TiO2/mPMMA
microspheres under various experimental conditions

CBLb0 (mg/L) Wcat (g/L) [I254] (W/L) r0 (mg/(L min)) kCOD
a (min−1)

3.5 1 0.174 0.160 NMb

10 1 0.174 0.597 NMb

50 0.4 0.174 1.50 0.00286
50 1 0.0889 0.897 0.00255
50 1 0.174 1.58 0.00352

3

h
t
a
m
L
a
e
[
t
F
o
i
t
n
p
s
t

F
P
R

3

F
a

50 2.5 0.174 1.39 0.00422
32 1 0.174 4.58 0.00386

a Obtained from experimental data based on Eq. (3).
b Not measured.

igher CBLb0 and [I254]. All the r0 values in Table 2 are employed
o plot the linear correlation of [I254]/r0 = 3.620/CBLb0 + 0.0243
s shown in Fig. 7. The values of kB

′ and KB are deter-
ined as 41.2 mg/(W min) and 0.00671 L/mg, respectively. The

angmuir–Hinshelwood model associated with the obtained kB
′

nd KB is considered appropriate to describe the photocatalytic
limination of PPD by using the TiO2/mPMMA microspheres
32,33,37–39]. A simple scheme for the photocatalytic degrada-
ion of PPD with the TiO2/mPMMA microspheres is illustrated in
ig. 1. The photocatalytic mechanism is composed of the generation
f the oxidative species such as hydroxyl radicals and the follow-
ng oxidation of PPD and intermediates. The main products from

he photocatalytic degradation of PPD may include nitrate, ammo-
ium, and partially oxidized organics like p-dinitrosobenzene and
-benzoquinone [40,41]. In addition, the pH value of the suspen-
ion during the photocatalytic experiments slightly varies within
he range of 6.99–8.03.

T
i
C
N

ig. 8. Variations of CCOD/CCOD0 with time for photocatalytic degradation of PPD with TiO2/m
nd (d) multi-run experiments. Notations and experimental conditions are the same as sp
ig. 7. Linear relationship of [I254]/r0 with 1/CBLb0 for photocatalytic degradation of
PD with TiO2/mPMMA microspheres. Correlation: [I254]/r0 = 3.620/CBLb0 + 0.0243;
2 = 0.986.

.3. Reduction of COD in photocatalytic degradation of PPD

To investigate the photocatalytic oxidation of PPD with the

iO2/mPMMA microspheres, the variations of CCOD/CCOD0 are stud-
ed under various experimental conditions. The reduction rate of
OD would significantly depend on the Wcat as depicted in Fig. 8(a).
ote that the direct photolysis of PPD accompanies the negligible

PMMA microspheres under various conditions of (a) Wcat, (b) CBLb0, (c) illumination,
ecified in Fig. 6. Lines: prediction.
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Fig. 9. �COD vs. �BLb for the photocatalytic degradation of PPD with TiO2/mPMMA
microspheres. (a) (�) CBLb0 = 50 mg/L, Wcat = 1 g/L, [I254] = 0.0889 W/L. (�)
CBLb0 = 10 mg/L, Wcat = 1 g/L, [I254] = 0.174 W/L. (�) CBLb0 = 332 mg/L, Wcat = 1 g/L,
[
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I254] = 0.174 W/L. Other notations and experimental conditions are the same as
pecified in Fig. 6(a). (b) The multi-run experiments. Notations and experimental
onditions are the same as specified in Fig. 6(d). Line: average and smooth curve of
xperimental data with R2 = 0.975.

eduction of COD, implying the poor oxidation ability. Evidently, the
OD reduction can only be proceeded via the photocatalytic oxida-
ion so that more active sites of the TiO2/mPMMA microspheres
re advantageous to the oxidation reaction. As for different CBLb0 in
ig. 8(b), the reduction efficiency of CCOD/CCOD0 is relatively lower
n the case of higher CBLb0 due to the greater competition of the
ntermediates for the oxidative species.

Similar to the reduction trend of PPD, the COD elimination is
nsignificant under the UV illumination of [I365] = 0.439 W/L with
he TiO2/mPMMA microspheres (Fig. 8(c)). The reduction rate of
COD/CCOD0 remarkably increases with [I254]. The pseudo first-order
eaction rate equation of Eq. (3) is applied to describe the varia-
ion of CCOD/CCOD0 where kCOD is the photocatalytic oxidation rate
onstant [42].
n
(

CCOD

CCOD0

)
= − kCODt (3)

he values of kCOD in Table 2 are regressed from the experimental
ata of COD reduction. Further, the correlation of kCOD associated

t
d
e
m
b

Materials 163 (2009) 973–981

ith Wcat and [I254] is obtained as the following equation:

COD (min−1) = 0.00842[I254]0.494W0.196
cat (4)

s shown in Fig. 8, the prediction of CCOD/CCOD0 based on Eqs. (3)
nd (4) reveals good agreement with the experimental data.

The relationship between the reduction percentages of COD
�COD) and PPD (�BLb) during the photocatalytic degradation of PPD
s illustrated in Fig. 9(a). For �BLb ≤ 30%, the increase in �COD is small
ue to the fact that the initial intermediates generated from the
ecomposition of PPD still contribute large amount of COD. While
BLb is greater than 30%, �COD starts to noticeably increase with �BLb.

t is obvious that the variation of �COD with �BLb mainly depends
n the �B value (=KBCBLb0/(1 + KBCBLb0)). The ratio of �COD to �BLb
ould be higher in the case of higher �B at the same �BLb. For exam-
le, the �COD/�BLb ratio is about 0.765, 0.335, 0.238, and 0 for the
ases of �B = 0.69, 0.251, 0.063, and 0, respectively, when �BLb is
0%. The reason for this phenomenon is that the contribution of
he photocatalysis to the �BLb would increase with higher �B, thus
ccompanying the greater �COD. In the later photocatalytic stage
�BLb > 75%), �COD starts to increase with �BLb remarkably because

ore oxidative species are consumed for the oxidation of the inter-
ediates. Therefore, the �BLb value at the specific �B can be used as

he supplementary index of the �COD for the photocatalytic degra-
ation of PPD.

The durability of the TiO2/mPMMA microspheres is demon-
trated by the slight variations of the appearance observation,
hermogravimetric analysis, magnetization properties, and pho-
oactivity after the multi-run experiments. Figs. 5, 6(d) and 8(d)
how the satisfactory stability of the magnetic characteristics and
hotocatalytic performance for the TiO2/mPMMA microspheres

n the repetitive cycles of PPD degradation. The reliability of the
elationship between �COD and �BLb has also been confirmed by
he repetition as depicted in Fig. 9(b). The good durability of the
iO2/mPMMA microspheres is due to that the crosslinked polymer
sually presents the adequate resistance to the TiO2 photocataly-
is [43]. Furthermore, the photo-induced reaction mainly happens
n the multilayer surface of the TiO2 coating resulting in indirect
ontact to the mPMMA matrix. Although the TiO2/mPMMA micro-
pheres may lose some TiO2 coating from the long-term use, it is
ossible to restore the used TiO2/mPMMA microspheres by repeat-

ng the titania-coating process for the recovery of the photoactivity.

. Conclusions

The novel titanium dioxide-coated magnetic poly(methyl
ethacrylate) (TiO2/mPMMA) microspheres are synthe-

ized and employed for the photocatalytic degradation of
-phenylenediamine (PPD). The TiO2/mPMMA microspheres
ave the particle size of several micrometers, BET-specific surface
rea of 2.21 m2/g, coated TiO2 layer with the thickness of about
00–250 nm, and saturation magnetization of 4.81 emu/g. The pho-
ocatalytic decomposition of PPD significantly increases with the
nitial PPD concentration (CBLb0, mg/L) and UV radiation intensity
t 254 nm ([I254], W/L), while slightly varies with the TiO2/mPMMA
icrosphere dosage (Wcat, g/L). The initial photocatalytic reaction

ate of PPD is obtained as—dCBLb/dt = kBKBCBLb0/(1 + KBCBLb0)
ith the photocatalytic reaction rate constant (kB) and equi-

ibrium adsorption constant of Langmuir’s isotherm (KB) of
1.2[I254] mg/(L min) and 0.00671 L/mg, respectively. The reduc-

ion rate of chemical oxidation demand (COD) in the photocatalytic
egradation of PPD follows the pseudo-first-order reaction rate
quation with the photocatalytic oxidation rate constant (kCOD,
in−1) as 0.00842[I254]0.494W0.196

cat . The clear-cut relationship
etween the reduction percentages of COD and PPD for the photo-
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atalytic degradation of PPD has been presented. In addition, the
ood durability of the TiO2/mPMMA microspheres is demonstrated
y the stability of the magnetization properties and photocatalytic
erformance in the multi-run experiments. Consequently, this
tudy can provide the useful information about the characteristics
f the TiO2/mPMMA microspheres and their application to the
hotocatalytic degradation of PPD in an aqueous solution.
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