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In recent years, nanostructured materials have attracted
wide attention due to their fascinating optical and electrical
properties, which make these materials potentially suitable
for applications in electronics, optics, photonics, and sensors.
Some metal oxides show a wide variety of morphologies
such as nanowires, nanorods, nanotubes, nanorings, and
nanobelts. Synthesis and investigation of these metal-oxide
nanostructures are beneficial not only for understanding the
fundamental phenomena in low dimensional systems, but
also for developing new-generation nanodevices with high
performance.

This special issue is focused on synthesis, properties,
characterizations, and numerical modeling of metal-oxide
nanomaterials and nanostructures with potential applica-
tions in photocatalysts, wastewater purification, chemical
sensors, and so on.

B. Dai et al. reported that an environment-friendly bio-
material bacterial cellulose (BC) was introduced to substitute
for general organic polymers to assist the preparation of
ZnO/CdS/BC photocatalyst hybrid nanofiber through copre-
cipitation method under the low-temperature condition.The
photocatalytic activities of ZnO/CdS/BC were influenced by
the added amount of CdS. It is found that ZnO/CdS/BC
nanohybrid fibers (CdS: 10%) show the best photocatalytic
efficiency among the samples.

R. Liu and H. Tai Ou reported that IC lead frame scraps
were used in their research as raw materials to fabricate

magnetic ferrite powders and combined subsequently with
titanium sulfate and urea to producemagnetic photocatalysts
by coprecipitation for effective waste utilization. They found
that wastes can be transformed to valuable magnetic photo-
catalysts in their research to solve the separation problem of
wastewater and TiO

2
photocatalysts by magnetic field.

M. Mahlambi et al. studied the TiO
2
nanocatalysts sup-

ported on a hybrid carbon-covered alumina (CCA) support
and carried out a comparison between visible light and UV
light degradation of Rhodamine B. The CCA/TiO

2
nanocat-

alysts had a much larger surface area than the unsupported
titania and they exhibited overall higher photodegradation
efficiency under both UV and visible light than unsupported
TiO
2
.

T. Le et al. reported that the enzymeCPOwas successfully
entrapped inside a silica nanostructure prepared from the
precursorTMOSwith orwithout addition of the hydrophobic
modifier MTMS. The catalytic performance of optimized
CPO sol-gel beads approached 18% relative to free CPO in
solution as assessed via the pyrogallol peroxidation assay.

M. Daud et al. carried out a research work for the removal
of nitrate from raw water for a drinking water supply using
Fe/Pt bimetallic nanoparticles and anion exchange resins.The
overall results indicate that Fe/Pt nanoparticles having a large
surface area (627m2/g) are potentially more efficient than the
commercially used anionic resins for nitrate removal from
water.
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Growth mechanisms of nanostructured titania in tur-
bulent reacting flows were studied by S. C. Garrick. Direct
numerical simulation is utilized in simulating the hydrolysis
of titanium tetrachloride to produce titania in a turbulent,
planar jet. Results show that, in the proximal region of the jet,
nucleation and condensation are the dominant mechanisms.
However, once the jet potential core collapses and turbulent
mixing begins, coagulation is the dominant mechanism. The
data also shows that the coagulation growth rate is as much
as twice the condensation growth rate.
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Titanium dioxide (titania) is used in chemical sensors, pigments, and paints and holds promise as an antimicrobial agent. This
is due to its photoinduced activity and, in nanostructured form, its high specific surface area. Particle size and surface area
result from the interplay of fluid, chemical, and thermal dynamics as well as nucleation, condensation and coagulation. After
nucleation, condensation, and coagulation are the dominant phenomena affecting the particle size distribution. Manufacture of
nanostructured titania via gas-phase synthesis often occurs under turbulent flow conditions. This study examines the competition
between coagulation and condensation in the growth of nanostructured titania.Direct numerical simulation is utilized in simulating
the hydrolysis of titanium tetrachloride to produce titania in a turbulent, planar jet. The fluid, chemical, and particle fields are
resolved as a function of space and time. As a result, knowledge of titania is available as a function of space, time, and phase (vapor
or particle), facilitating the analysis of the particle dynamics by mechanism. Results show that in the proximal region of the jet
nucleation and condensation are the dominant mechanisms. However once the jet potential core collapses and turbulent mixing
begins, coagulation is the dominant mechanism. The data also shows that the coagulation growth-rate is as much as twice the
condensation growth-rate.

1. Introduction

High rate synthesis of nanoparticles from vapor requires
operation in the turbulent flow regime [1]. The variety of
length and time scales present in turbulent multiphase flows
makes them not very amenable to physical observation or
analysis. This is especially true in the early stages of the
nanoparticle formation and growth processes [2]. Com-
putational fluid dynamics (CFD) has been developed for
many years and a variety of numerical techniques have been
developed and utilized for studying particle dynamics [3–
10]. CFD has enabled engineers to achieve their goals more
rapidly and cost effectively [11]. It has also become an effective
tool for understanding physicochemical dynamics.

Nakaso et al. [12]modeled the titania nanoparticle growth
of both agglomerates andprimary particles simultaneously by
using spatial zero-dimensional fluid dynamics. Johannessen
et al. [13] combined CFD with a mathematical model for
the particle dynamics to compare with experimental data
from the synthesis of titanium dioxide particles in diffusion

flames. Tsantilis et al. [5] used a moving sectional aerosol
dynamics model accounting for gas-phase chemical reac-
tions, coagulation, surface growth, and sintering with zero-
dimensional fluid dynamics to investigate flame synthesis of
titania nanoparticles. Also one study by Moody and Collins
[14] considered titania nanoparticle nucleation and growth
in a turbulent “box” located near the center of the reactor
via three-dimensional DNS coupled with moment method
in particle dynamics. Researchers have also considered the
effects of turbulence on particle growth. Strakey et al. [15]
studied the role of turbulence on the characteristics of TiO

2

powder made by TiCl
4
oxidation and they found that the

increased turbulence intensity narrowed the size distribution
of the product powder indicating that the particle growth
may be dominated by reactantmixing rather than by particle-
particle collisions. These computations are quite compute
intensive as they resolve all of the appropriate length and
time scales. Garrick and his group studied the effects of
turbulence on particle coagulation intensively and indicated
that turbulence has a positive effect on the particle growth
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[16, 17]. The effects of turbulence on nucleation have also
been elucidated [18–20]. To obtain physically accurate data,
simulations must be three-dimensional and must be model-
free. That is, the results must be obtained without the use of
turbulence or subgrid scale models [21]. A review of the liter-
ature reveals a lack of the detailed information, especially via
high-resolution direct simulation, on the interplay between
the different mechanisms affecting nanoparticle growth.

In this work, the hydrolysis of titanium tetrachloride
(TiCl
4
) to produce titanium dioxide (TiO

2
) is simulated

via direct numerical simulation. The turbulent, reacting,
multiphase flow is obtained by solving the Navier-Stokes
equations in conjunction with transport equations for all of
the relevant chemical species and a nodal approach is used
to represent the particle field [22, 23]. With the chemical
and particle fields available as a function of space, time,
and size, particle nucleation, condensation, and coagulation
are illustrated individually. Additionally the two growth
mechanisms are elucidated.

2. Methodology

The mass, momentum, and energy equations are solved to
obtain the fluid velocity 𝑢

𝑖
(𝑥, 𝑡), pressure 𝑝(𝑥, 𝑡), density

𝜌(𝑥, 𝑡), and the enthalpy ℎ(𝑥, 𝑡). These variables are governed
by the following conservation equations:

𝜕𝜌

𝜕𝑡

+
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ℎ

𝜕𝑥
𝑗

=

𝜕

𝜕𝑥
𝑗

(

𝑘

𝐶
𝑝
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𝜕𝑥
𝑗

) ,

(1)

where 𝜏
𝑖𝑗
is the viscous stress tensor for a Newtonian fluid, 𝑘

is the coefficient of thermal conduction, and𝐶
𝑝
is the specific

heat at constant pressure.

2.1. Chemical Transport. The fluid contains five chemical
species, the transport of which is given by the conservation
of species equations:

𝜕𝜌𝑌
𝑚

𝜕𝑡

+

𝜕𝜌𝑢
𝑗
𝑌
𝑚

𝜕𝑥
𝑗

=

𝜕

𝜕𝑥
𝑗

(𝜌D
𝑚

𝜕𝑌
𝑚

𝜕𝑥
𝑗

) + �̇�
𝑚
, (2)

where 𝑌
𝑚
is the mass concentration of species 𝑚 and D

𝑚

is the diffusion coefficient of species 𝑚. The reactants, TiCl
4

and water vapor (H
2
O), undergo an irreversible one-step,

isothermal chemical reaction at a temperature of 300K
and atmospheric pressure, which produces titanium dioxide
(TiO
2
) and hydrochloric acid (HCl):

TiCl
4
+ 2H
2
O
𝑘𝑓

→ TiO
2
+ 4HCl (3)

The source term �̇�
𝑚
in (2) represents the effects of chemical

reaction, the rate of creation or consumption of species 𝑚.

The system is closed with the ideal gas equation of state, 𝑝 =
𝜌𝑅𝑇 and 𝑅 = ∑𝑅

𝑚
𝑌
𝑚
/𝑀𝑊
𝑚
, where 𝑅

𝑚
and𝑀𝑊

𝑚
are the

gas constant and molecular weight of species𝑚, respectively.
The fluid temperature, 𝑇, is obtained using the enthalpy via
𝑑ℎ = 𝐶

𝑝
𝑑𝑇.The fifth chemical species, nitrogen (N

2
), does

not participate in any chemical reactions and serves as the
carrier gas.

2.2. Particle Field. The aerosol general dynamic equation
(GDE) describes particle dynamics under the influence of
various physicochemical phenomena, convection, diffusion,
coagulation, surface growth, nucleation, and other inter-
nal/external forces. The GDE is utilized in discrete form
as a population balance on each cluster or particle size.
The methodology uses the nodal/sectional method of to
approximate the GDE [23–26]. This approach effectively
divides the aerosol population into three classes, monomers,
clusters, and particles [16]. The GDE is therefore solved
as a set of 𝑁

𝑠
transport equations, one for each bin 𝑄

𝑘
,

𝑘 = 1, 2, . . . , 𝑁
𝑠
[27]. Monomers of size 0.5 nm in diameter

populate bin 1 while bins 2 and 3 are populated by clusters
of molecules. Molecular clusters of size 1 nm and larger are
considered “particles” [28]. The general transport equation
for the concentration of monomers, clusters, and particles in
bin 𝑘, 𝑄

𝑘
, is written as

𝜕𝜌𝑄
𝑘

𝜕𝑡

+

𝜕𝜌𝑢
𝑗
𝑄
𝑘

𝜕𝑥
𝑗

=

𝜕

𝜕𝑥
𝑗

(𝜌𝐷
𝑄

𝜕𝑄
𝑘
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𝑗
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𝑄

𝑘
, (4)

where𝐷
𝑄
is the diffusivity given by

𝐷
𝑄
= 𝑘
𝑏
𝑇

𝐶
𝑐

3𝜋𝜇𝑑
𝑝

, (5)

where 𝑘
𝑏
is the Boltzmann constant, 𝐶

𝑐
is the Cunningham

correction factor, and 𝑑
𝑝
is the mean volume particle diam-

eter [29]. The source term �̇�𝑄
𝑘
represents particle formation

and growth processes and is given by

�̇�
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{
{

{
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{
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(6)

where 𝐽 accounts for the formation of monomers in bin 𝑘 = 1
via chemical reaction [30–33] and 𝜒

𝑖𝑗𝑘
is given by

𝜒
𝑖𝑗𝑘
=

{
{
{
{
{
{
{
{
{
{

{
{
{
{
{
{
{
{
{
{
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𝑗
)
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𝑘
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𝑖
+ V
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𝑘+1
,
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, if V
𝑘−1
≤ V
𝑖
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𝑗
< V
𝑘
,

0, otherwise.

(7)
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The source term in (6), 𝜔𝑄
𝑘
, represents the effects of

nucleation, condensation (via monomer-cluster, monomer-
particle and cluster-particle collisions), and Brownian coag-
ulation. In this study, all particle formation and growth pro-
cesses occur at 300K.Thismeans that all particles considered

are agglomerates, meaning growth via coagulation results in
fractal-like aggregate particles, consisting of primary parti-
cles (monomers). The collision frequency function, 𝛽

𝑖𝑗
, is

well documented in both the free-molecular and continuum
regimes [29, 34–37]. Collisions of all particles (monomers,
clusters, etc.) are considered and 𝛽

𝑖𝑗
is given by

𝛽
𝑖𝑗
=

{
{
{
{
{
{
{
{
{
{
{
{
{
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{
{
{
{
{
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{
{
{

{
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1
(𝑖
1/𝐷𝑓

+ 𝑗
1/𝐷𝑓
)

𝐷𝑓
(

1

𝑖

+

1

𝑗

)

1/2

, 𝐷
𝑓
< 2 free-molecular regime,

𝑎 (𝑖
1/𝐷𝑓

+ 𝑗
1/𝐷𝑓
)

2

(

1

𝑖

+

1

𝑗

)

1/2

, 𝐷
𝑓
≥ 2 free-molecular regime,

2𝑘
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(
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(8)

where

𝑎 = (

3V
𝑜

4𝜋

)

1/6

(

6𝑘
𝑏
𝑇

𝜌
𝑝

)

1/2

,

𝑎
1
=

2
𝐷𝑓
𝑎

4.89

,

(9)

where V
𝑜
is the primary particle volume, V

𝑖
is the volume of

an agglomerate in the 𝑖th section, 𝜌
𝑝
is the particle density,

𝑖 and 𝑗 are the primary particle numbers in bins 𝑖 and 𝑗,
respectively, and 𝐷

𝑓
is the fractal dimension. The particles

generated by the industrial aerosol processes are usually
nonspherical and the products are composed of groups of
adhering particles ranging from loosely linked particles,
sometimes termed agglomerates, to strongly necked particles,
called aggregates or hard agglomerates.The fractal dimension
is used to represent the shape of the aggregate or particle
structure. A statistical concept, the fractal (or Hausdorff)
dimension 𝐷

𝑓
, was introduced to describe the shape of the

agglomerate, which is obtained after averaging over many
agglomerates with the same number of primary particles.The
value of the fractal dimension ranges from 𝐷

𝑓
= 1 to 𝐷

𝑓
=

3 depending on the details of the agglomerate formation
process [29]. The bins are organized in such a manner that
the volume of particles in two successive bins is doubled; that
is, V
𝑘
= 2 × V

𝑘−1
[23, 38].

3. Results

3.1. Flow Configuration. The flow under consideration is a
three-dimensional, isothermal, turbulent reacting jet issuing
from an orifice of diameter 𝐷 into a coflowing stream. The
jet is composed of titanium tetrachloride (TiCl

4
) diluted in

nitrogen (N
2
), while the coflowing stream is composed of

water vapor (H
2
O) diluted in N

2
. The initial velocities are

𝑈
𝑜
= 100m/s for the jet and𝑈

∞
for the coflowing stream.The

fluid field is characterized by the velocity ratio 𝑈
∞
/𝑈
𝑜
= 0.2.

The Reynolds number based on velocity of the high-speed
stream and the jet diameter is Re = 𝑈

𝑜
𝐷/] = 3,000. The

simulation is performed at 300K and atmosphere pressure
(1 atm). To accelerate the development of large-scale struc-
tures, random perturbations with a maximum intensity of
5% are added to the cross-stream V-velocity. The chemical
composition of the jet stream is 0.01% TiCl

4
and 99.99% N

2

by mass. The simulation utilizes stoichiometric mixtures and
the molar ratio of 1 : 2 for TiCl

4
and H

2
O.

In this work, several assumptions and approximations are
utilized. These are stated below for clarity.

(1) Ceramic powders such as TiO
2
have low equilibrium

vapor pressures implying that single molecules may
be considered particles [31]. As TiO

2
is formed,

it appears as 0.5 nm diameter free spherical TiO
2

“monomers,” populating bin 𝑘 = 1; hence nucleation
is treated as an instantaneous process.

(2) The nanoparticles are small enough to follow the fluid
path lines. Additionally, the particle volume fraction
is of order 10−7. As a result the presence of the
particles does not affect the fluid field.

(3) Condensation is dominated by the collision rate
of monomers with other monomers, clusters, and
particles. This means the condensable species in the
simulations is the TiO

2
“vapor.”

(4) The clusters and particles are stable because of the
high supersaturation of the monomers. As a result,
at these temperatures, there is no evaporation or
sublimation of particles back to the gas-phase.

(5) The fractal dimension, 𝐷
𝑓
, is based on the collision

time, 𝜏
𝑐
, and sintering time, 𝜏

𝑓
. In this work, all

processes occur at 𝑇 = 300K. At this temperature,
TiO
2
particles do not sinter as 𝜏

𝑐
≪ 𝜏
𝑓
[39].

(6) A fractal dimension of𝐷
𝑓
= 3 is used when collisions

occur between monomers while𝐷
𝑓
= 2 is used when

monomers and dimers collide. For all other particle
interactions (collisions between larger particles) a
fractal dimension of𝐷

𝑓
= 1.8 is used [39, 40].
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3.2. Numerical Specifications. Ten bins are used to discretize
the particle field (𝑁

𝑠
= 10). The computational domain is of

size 20𝐷 × 15𝐷 × 4𝐷 and is comprised of 500 × 375 × 100
grid points in the 𝑥-, 𝑦-, and 𝑧-directions, respectively. The
governing transport equations representing both the fluid
and particle fields are solved using a MacCormack-based
finite difference scheme [41, 42]. The scheme is of second
order, accurate in time, and of fourth order, accurate in
space. The boundary conditions are periodic in the span-
wise 𝑧-direction and zero-derivative in the cross-stream 𝑦-
direction and nonreflecting boundary conditions are used
in both inflow and outflow boundaries (𝑥-direction) [43].
The simulation is performed up to a nondimensional time of
𝑡
⋆
= 𝑈
𝑜
𝑡/𝐷 = 100 which corresponds to a physical time of

0.48ms. Both instantaneous and mean or averaged data are
presented. We average in the 𝑧-direction as it is the spatially
homogeneous direction in planar jets. Quantities such as
contours, isosurfaces, and mean data are useful in making
qualitative and quantitative assessments of the nanoparticle
growth dynamics as well as the underlying fluid and particle
fields.

3.3. Flow Field. The vorticity is the curl of the velocity vector
and is an indicator of fluidmixing.The vorticity magnitude is
the local rate of rotation. In nonpremixed chemically reacting
flows, vorticity has the effect of increasing the interfacial area
between the reactants. An isosurface of the instantaneous
vorticity magnitude, the |𝜔| = 3 level-set, is shown in
Figure 1 at time 𝑡⋆ = 100. The image shows that the flow
is initially laminar and becomes turbulent as the jet travels
downstream. Near 𝑥/𝐷 = 6, the two boundary layers initially
located at 𝑦/𝐷 = ±0.5 merge and the jet spreads across the
domain. This is aided by the presence of vortex braids, the
tubular structures oriented in the stream-wise 𝑥-direction,
which act to draw the surrounding fluid into contact with the
fluid issuing through the nozzle. Further downstream, vortex
bending and stretching acts to generate small-scale structures
as the flow becomes fully turbulent. It is evident that the jet
suddenly spreads/amplifies near 𝑥/𝐷 = 8. Near 𝑥/𝐷 = 10,
the contours reveal a high concentration of intense mixing
that persists throughout the latter half of the computational
domain. These small-scale structures result in an increased
chemical reaction as they serve to bring the reactants into
contact. High-resolution DNS facilitates the capturing of the
small-scale structures. If turbulence models were used, then
the effects of the small-scale interactions on the chemical
reaction (and particle formation and growth) would need to
be accounted for [18, 44].

3.4. Titanium Dioxide. The chemical conversion of the TiCl
4

and H
2
O to produce TiO

2
is the first step in the particle

synthesis process. Instantaneous contours of the TiO
2
mass

fraction at the 𝑧 = 0 plane and time 𝑡⋆ = 100 are shown in
Figure 2.The image reveals that TiO

2
is initially formed along

the interface of the two streams and subsequently where the
reactants are well mixed. The TiO

2
is convected downstream

and across the jet.Themaximum TiO
2
mass fraction appears

far downstream and TiO
2
mass spreads out. Because of

Figure 1: An instantaneous isosurface of the vorticity magnitude,
|𝜔| = 3, at time 𝑡⋆ = 100.

0 5e − 4

Figure 2: Instantaneous contour of the TiO
2
mass fraction at 𝑧 = 0

plane at 𝑡⋆ = 100.

the infinite-rate chemistry, at least one of the reactants
is consumed immediately upon contact. Turbulent mixing
brings “fresh” reactants together (via large-scale transport) to
produce TiO

2
(via molecular scale transport). As the TiO

2
is

produced, molecular diffusion acts to transport it fromTiO
2
-

rich to TiO
2
-free regions.

3.5. Particle Concentrations. As the chemical reaction pro-
ceeds, more titania is produced. The monomers collide with
each other to produce dimers; those dimers collide with
monomers (condensation) to produce trimers and collide
with each other to produce larger particles (coagulation). An
advantage of the nodal approach is the fact that the particle
field is obtained as a function of size (in addition to space
and time). A detailed view of the TiO

2
nanoparticle field can

be obtained by observing the particle number concentrations
distributed throughout the domain. Instantaneous contours
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Figure 3: Instantaneous contours of the 𝑧-direction averaged particle number concentrations: (a) monomers; (b) 1 nm; (c) 2 nm.

of the 𝑧-direction averaged particle number concentrations
of monomers, 1 nm and 2 nm particles at 𝑡⋆ = 100,
are shown in Figure 3. Figure 3(a) shows that monomers
initially appear at the interface of the two streams and the
concentration increases significantly near 𝑥/𝐷 = 10, after
collapse of the jet potential core. Figure 3(b) shows that the
1 nm diameter particles begin to appear near 𝑥/𝐷 = 5, and
high concentrations are found between 𝑥/𝐷 = 10 and 𝑥/𝐷 =
20. Figure 3(c) shows a similar trend for the 2 nm particles.

To convey the spatial inhomogeneity of the particle
field, a three-dimensional view is presented in Figure 4. The
figure shows three isosurfaces colored to show the large
concentration of 1 nm, 2 nm, and 3 nm nanoparticles. The
presence of 1 nm particles (colored green) throughout the
domain reflects the ongoing chemical reaction andnucleation
that occurs when large-scale convective mixing brings TiCl

4

and H
2
O into contact. The increase in particle size with

downstream distance is evident in the image as the 3 nm
diameter particles are only found in the last third of the
domain.

3.6. Mean Nanoparticle Size and Geometric Standard Devi-
ation. Particle size distributions (PSDs) are often charac-
terized by the mean diameter and the geometric standard

deviation (GSD). Though the nodal approach employed
contains the full PSD, conveying that all of the information
is not trivial [45, 46], the information conveyed by the first
two moments can be quite useful. The mean diameter used
here is the volume-equivalent mean particle diameter and is
given by 𝑑

𝑝
= (6V
𝑝
/𝜋)
1/3, where the mean volume is given by

V
𝑝
=

∑
𝑁𝑠

𝑖=1
𝑄
𝑖
V
𝑖

∑
𝑁𝑠

𝑖=1
𝑄
𝑖

. (10)

The GSD represents the width of the PSD and is given by

[log (𝜎
𝑔
)]

2

=

∑
𝑁𝑠

𝑘=1
𝑄
𝑘
(log (𝑑

𝑝𝑘
) − log ( ̃𝑑

𝑝𝑘
))

2

∑
𝑁𝑠

𝑘=1
𝑄
𝑘

, (11)

where ̃𝑑
𝑝𝑘
is a number mean diameter given by

log ( ̃𝑑
𝑝𝑘
) =

∑
𝑁𝑠

𝑘=1
𝑄
𝑘
log (𝑑

𝑝𝑘
)

∑
𝑁𝑠

𝑘=1
𝑄
𝑘

. (12)

Larger GSD values indicate that the size distribution is
relatively broad while smaller GSD values (𝜎

𝑔
= 1) indi-

cate a relatively narrow distribution [47]. The GSD for the
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Figure 4: Instantaneous isosurfaces of 1 nm, 2 nm, and 3 nm
particles at 𝑡⋆ = 100.
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Figure 5: An instantaneous isosurface of vorticity colored by the
geometric standard deviation, 𝜎

𝑔
.

hydrolysis of TiCl
4
in a planar jet is shown on an isosurface of

vorticity magnitude at time 𝑡⋆ = 100 in Figure 5. The figure
reveals that the GSD generally increases as the jet travels
downstream. This implies that mixing (due to turbulence)
is a significant contribution to particle polydispersity. If
nucleation were absent, there would be no monomers, and
the coagulating particles would achieve the so-called self-
preserving value (𝜎

𝑔
= 1.5) [48, 49]. Locations where 𝜎

𝑔
>

1.5, in Figure 5, reflect where nucleation, condensation, and
coagulation simultaneously occur. That is, “newly” formed
particles by nucleation/mixing and old particles generated by
coagulation exist.

More insight into the particle field may be obtained by
considering the relationship between the mean diameter and
the GSD. A scatter plot of 𝜎

𝑔
versus 𝑑

𝑝
is shown in Figure 6.

1 2 3 4
1
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1.6

1.8

2

𝜎

dp (nm)

Figure 6: Scatter plot of the geometric standard deviation,𝜎
𝑔
, versus

the mean particle diameter, 𝑑
𝑝
.

The figure shows that at the two ends of the size distribution,
𝑑
𝑝
= 1 nm and 𝑑

𝑝
= 4 nm, the distribution is fairly narrow

or unimodal, while the GSD is largest (1.8 < 𝜎
𝑔
< 2) when

the mean diameter is near 𝑑
𝑝
= 3.2 nm. This relatively large

GSD indicates that there are a variety of particle dynamics
present in regions of the flow where the mean diameter is
𝑑
𝑝
= 3.2 nm.

3.7. Particle Growth. Theparticle growth-rate is an important
parameter to consider as, in combination with residence time
or reactor size, it is a predictor of particle size. A diameter-
based growth-rate Ωnm (with units of nm/s) is defined based
on

Ωnm = (
6Ω

𝜋

)

1/3

× 10
9
, (13)

whereΩ is the particle volumetric growth-rate given by

Ω =

∑
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𝑘
(V
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)
2

𝜔
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−
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2

𝑄
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𝑘
𝑄
𝑘
V
𝑘
)

2

𝑁𝑠

∑

𝑘

V
𝑘
𝜔
𝑘
. (14)

A contour plot of the 𝑧-averaged growth-rate, ⟨Ωnm⟩𝑧, is
shown in Figure 7. The figure shows that within the first 6
diameters, 0 ≤ 𝑥/𝐷 ≤ 6, growth is confined to roughly
⟨Ωnm⟩𝑧 = 10 nm/s at the interface of the jet and the
coflowing stream, where the hydrolysis reaction produces
TiO
2
vapor. Near 𝑥/𝐷 = 10, when the shear layers merge,

the particles begin to grow faster, with the rate approaching
⟨Ωnm⟩𝑧 = 25 nm/s. This occurs after the potential core
collapses. Further downstream, the growth-rate increases to
roughly ⟨Ωnm⟩𝑧 = 50 nm/s and this value is maintained for
𝑥/𝐷 > 14. (It should be noted that this is the average growth-
rate and at other points in the domain the values ofΩnm may
be smaller or larger.)

The particles grow via two mechanisms: condensation
(collisions between monomers and particles) and
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Figure 7: Instantaneous contours of the 𝑧-direction averaged particle growth-rate, ⟨Ωnm⟩𝑧 at 𝑡
⋆
= 100.
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Figure 8: Instantaneous contours of the nanoparticle growth-rate decomposed by mechanism; 𝑧-direction averaged particle growth-rate (a)
by condensation, (b) by coagulation.

coagulation (collisions between particles). Because
the particle data is available as a function of size, the
contribution of each mechanism is readily available.
Particle growth, by mechanism, is shown in Figure 8.
The interactions between monomers and particles, or
the condensation growth-rate, is shown in Figure 8(a).
(This image looks similar to the monomer number
concentration shown in Figure 3(a) because the
condensation is represented by the collision between
monomers and particles.) The contours show that large
condensation growth occurs both in the proximal region
of the jet and after collapse of the jet core. This reflects the
ongoing hydrolysis of TiCl

4
and production of TiO

2
and its

deposition on existing particles.
Particle growth by coagulation is shown in Figure 8(b).

The contours of the 𝑧-averaged growth-rate shows that
growth by coagulation begins after collapse of the jet potential
core. The growth-rate in the region 4 < 𝑥/𝐷 < 8 is as
high as Ωnm = 16 nm/s. Farther downstream the 𝑧-averaged

coagulation growth-rate doubles. This region of the flow is
dominated by mixing and small-scale turbulence (evident in
Figure 1). That region of the flow also contains particles of a
variety of sizes, small and large, as reflected by 𝜎

𝑔
in Figure 5.

The small-scale turbulence means dissipation and increased
residence times, while the disparate particle sizes mean an
efficient collision efficiency. These two combine to increase
coagulation.

The spatial relationship between condensation growth
and coagulation growth is elucidated by showing the con-
tribution of each at every grid point in the computational
domain. A scatter plot of the two growth-rates is shown in
Figure 9.The growth-rates are not averaged in the 𝑧-direction
and while a spatial relationship is not directly evident from
this figure, one may be reliably inferred along with the pre-
vious data. Figure 9 shows that where condensation growth
is low, coagulation growth is high. This trend is evident
in Figure 8 as well. However, Figure 9 shows that in these
regions the coagulation growth-rate can be as much as an
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Figure 9: Scatter plot of the particle growth-rate by condensation
versus the particle growth-rate by coagulation.

order of magnitude greater than the condensation growth-
rate.

4. Summary and Conclusions

The growth mechanisms of titania during hydrolysis of
titanium tetrachloride in a three-dimensional planar jet are
studied via direct numerical simulation. The mass, momen-
tum, enthalpy, and species transport equations are solved in a
model-free manner. Titania was produced via the hydrolysis
of titanium tetrachloride, modeled via a 1-step infinitely
fast chemical mechanism. The particle field was represented
using a nodal method and solves for the evolution of the
concentration of particles of various sizes in an Eulerian
manner. When coupled to the Navier-Stokes solver, the
fluid, thermal, chemical, and particle fields are obtained as a
function of space and time.

The results show that fluid turbulence/gas mixing plays a
very important role in particle growth. The results indicate
that the particle formation and growth are greatly affected
if not dominated by mixing and chemical reaction. Reactant
conversion or titania production is limited by the ability of
the flow to bring the TiCl

4
and H

2
O into contact. Evidence

for this is the particle formation throughout the domain.
Additionally, the results show that where the turbulence
is more intense, the particles are larger and the particle
size distribution, as characterized by the geometric standard
deviation, is wider. Particle growth in the proximal region
of the jet is dominated by condensation. After collapse
of the jet core, nanoparticle growth due to coagulation
increases significantly. Though TiO

2
is produced after core

collapse, producing condensible species, particle growth due
to coagulation is as much as an order of magnitude greater
than that due to condensation. While both condensation
and coagulation act to increase polydispersity, coagulation
has been shown to increase the width of the particle size
distribution faster, or greater, than condensation [50].

These results help to shed light on, and improve our
understanding of, the underlying growth dynamics occur-
ring in nanoparticle synthesis processes. The change from
condensation-dominated to coagulation-dominated growth
is useful in modeling the complete synthesis process, includ-
ing sintering, and the formation of hard and soft agglomer-
ates. Spanning the size range from single molecules (particle
inception) to hundreds of nanometers, as the particles found
in many industrial processes and applications, is compute
intensive [18]. However, knowing that condensation and
molecular growth is relatively minor could facilitate the use
of more affordable modeling strategies that do not need
to account for every phenomena [6, 51]. Additionally, a
highly desired attribute of metal oxide nanoparticles is their
specific surface area. The ability to synthesize narrow size
distributions which are desired is advantageous in that it
removes the processing necessary to separate particles by size.
This is advantageous in that it lowers cost [52–55].

One strategy to reduce polydispersity may be to delay the
transition to turbulence vis a vis delaying collapse of the jet
core. While the particle field is known as a function of size, it
should be noted that in this work we are unable to distinguish
the various phases of titania, rutile, anatase, or brookite [56,
57].The phase composition of titania is very much a function
of the synthesis process, for example, precursor composition
and temperature history, which are greatly simplified in this
work. Such capability requires phenomenologicalmodels that
account for particle dynamics as a function of space, time, and
temperature, as well as solid-state diffusion processes, and is
quite beyond the scope of this work.
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An environment-friendly biomaterial bacterial cellulose (BC) is introduced to substitute general organic polymers to assist the
preparation of ZnO/CdS/BCphotocatalyst hybrid nanofiber through coprecipitationmethod under the low-temperature condition.
TheXRD, XPS, and SEM results show that high load of ZnO/CdS/BC ternary hybrid fiber can be produced. TGA curves scan shows
that ZnO/CdS/BChybrid fiber has better thermal properties than bacterial cellulose.TheUV-Vis spectra of theZnO/CdS/BChybrid
nanofiber (0, 10, 20, and 50wt%, resp.) show that photocatalytic activities of ZnO/CdS/BC are influenced by the added amount of
CdS. The degradation curve of methyl shows that ZnO/CdS/BC nanohybrid fibers exhibit excellent photocatalytic efficiency.

1. Introduction

Zinc oxide (ZnO) is deemed to be one of the most important
photocatalysts because of its high photosensitivity, nontoxic-
ity, and great stability [1–5]. However, it is known that ZnO
could not effectively absorb and utilize the visible region
of the solar light, because of the fast recombination of the
photogenerated electron hole pairs in the single phase semi-
conductor [6, 7]. CdS, as a representative II–VI compound
semiconductor, has been used as a visible-light photocatalyst
[8] and also as a photosensitizer of various wide band-gap
semiconductor photoanodes in photoelectrochemical cells
due to its narrow direct band-gap (2.4 eV) [9]. However, it
is very easy etching, resulting in the decreased service life
[10, 11]. The combined ZnO and CdS system in nanosize area
has attracted a great deal of attention in recent years. It can
enhance the photocatalytic efficiency of ZnO under visible
light and the service life of CdS, due to the fast separation
of the photogenerated electron hole pairs [12–17].

However, there are disadvantages such as the aggregation
and the bleeding of the photocatalyst of the CdS/ZnO
suspended photocatalyst. It can be overcome through the
photocatalyst fixation instead of the recovery of the pho-
tocatalyst [10–20]. The key of immobilized technique is

the performance of adopted immobilized carriers. Selection
of carriers for supported CdS/ZnO suspended photocatalyst
was systematically studied in earlier reports. Glass cloth,
activated carbon, refractory brick, sand particle, hollow glass
beads, ceramic, silica, and so forth are common catalyst
supporters with broad application potentials [19]. However,
the absorption and activity of catalyst could be decreased by
using such supporter for immobilization of catalyst due to
their low specific surface area and nonhomogeneous porosity.
In order to improve the performance of the catalyst, nanome-
ter fiber/nanotubes as the catalyst supporters have been
conducted recently. As a new kind of materials, nanometer
fiber/nanotubes carriers have attracted considerable interest
because of their unique structural, mechanic, electronic, and
potential applications [21].

Cellulose is one of the most abundant natural resources.
Bacterial cellulose (BC) fiber produced by Acetobacter
xylinum is considered as a cleaner sustainable biomaterial
and attracts much attention due to its remarkable advan-
tages of good mechanic properties, good chemical stability,
high purity, high specific surface area, high crystallinity,
great compatibility, and being environmentally friendly [22].
The diameter of BC fiber is common of 10–100 nm. It
has been found that biomaterials were widely used as
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Figure 1: Schematic preparation process of hybrid ZnO/CdS/BC fibers.

a template in the synthesis of various inorganic nanostruc-
tures. Various methods have been reported for the synthesis
of ZnO/CdS nanorods including colloidal chemical synthesis
[16], electrochemical deposition [23], chemical bath depo-
sition technique [24], facile chemical route [25], combined
sol-gel/hydrothermal/SILAR method [26], chemical precipi-
tationmethod [27], and sonochemical synthesis [28]. Among
these methods, coprecipitation process is a simple and low-
cost method that can be performed at low temperature and
ambient pressure.

In this study, we used BC as template to prepare
ZnO/CdS/BC ternary hybrid fiber. The samples were char-
acterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), X-
ray photoelectron spectra (XPS), UV-Vis absorption spec-
troscopy (UV-Vis), and the photocatalytic activity measure-
ments. This study would provide a new type of nanofiber
photocatalysis materials. It also opened up a new field of
potential applications of BC materials.

2. Experimental

2.1. Materials. Bacterial cellulose (BC) was biosynthesized
by Acetobacter xylinum NUST5.2. The cadmium sulfate
octahydrate (3CdSO

4
⋅8H
2
O) was purchased from Guang-

dong Company (Guangdong, China). Analytical-grade
sodium hydroxide (NaOH), zinc nitrate hexahydrate
(Zn(NO

3
)
2
⋅6H
2
O), hexamethylenetetramine (HMTA), eth-

anol (C
2
H
5
OH), ammonia water (NH

3
⋅H
2
O), dibasic

sodium phosphate (Na
2
HPO
4
), glucose (C

6
H
12
O
6
) were

purchased from Sinopharm Chemical Reagent Co., Ltd.
All aqueous solutions were prepared with deionized water
produced by laboratory water purification system. All other
chemicals were analytical reagent unless stated otherwise.

2.2. Preparation of BC Fibers. The pristine BC substrate was
synthesized and purified as reported [29]. BC fibers were
purified by soaking in DI at 70∘C for 3 h and then 4wt%
NaOH in DI at 80∘C for 180min. Samples were then rinsed

with DI to pH = 7 and stored in refrigerator at 4∘C prior to
use.

2.3. Preparation of Hybrid ZnO/CdS/BC Fibers. Figure 1
showed the preparation process of hybrid ZnO/CdS/BC
fibers. In a typical procedure, the BC fibers were immersed
in the ethanol solution with certain concentrations under
magnetic stirring. Then, the BC fibers were dipped into
an ethanol solution containing 0.5 g zinc nitrate hexahy-
drate [Zn(NO

3
)
2
⋅6H
2
O] with mechanical stirring (200 rpm)

at 30∘C for 10 h. Subsequently, hexamethylenetetramine
(HMTA) was added into the above solvent and treated with
ultrasonic for 1 h. Finally, different amounts of cadmium
sulfate octahydrate [3CdSO

4
⋅8H
2
O] (0.01 g/mL) solution

including 5mL, 10mL, and 25mLwere added to the above as-
prepared ZnO solution and labeled as 10wt% ZnO/CdS/BC,
20wt% ZnO/CdS/BC, and 50wt% ZnO/CdS/BC, respec-
tively. The mixture was stirred at 120∘C temperature for
another 12 h. The products were washed with distilled water
and ethanol for several times to remove the possible residues
and were dried in vacuum at 50∘C for 24 h. After the reaction,
the white solution turned light yellow with the CdS content
increasing, indicating the formation of hybrid ZnO/CdS/BC
fibers.

2.4. Characterization of Samples. The X-ray diffraction pat-
terns (XRD) were recorded on a Bruker D8 ADVANCE X-
ray diffractometer equipped with graphite monochromatized
high-intensity CuK𝛼 radiation (𝜆 = 0.15418 nm). Scanning
electromicroscopy (SEM) images were performed on JSM-
6380LV to obtain the morphology of the samples. The UV-
visible spectra were recorded on a Cary 5000 spectropho-
tometer equipped with an integrated sphere accessory for
diffusive reflectance spectra. Thermogravimetric analyses
(TGA) were performed on a Boyuan DTU-2C thermo-
gravimetric analyzer from 50 to 800∘C at a heating rate
of 10∘C⋅min−1 in air flow. High resolution XPS and wide
XPS spectra were achieved to investigate the composition
and chemical states of the samples. X-ray photoelectron
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spectra (XPS) were carried out on a RBD upgraded PHI-
5000C ESCA system (Perkin Elmer) with Mg K𝛼 radiation
(ℎ] = 1253.6 eV). The XPS peaks were deconvoluted using
Lorentzian-Gaussian components after a Shirley background
subtraction.

2.5. Photocatalytic Activity Measurements. The photocat-
alytic activities of the samples were evaluated by photodegra-
dation of the methyl orange under a simulated sunlight
from a 500W Xe lamp at room temperature. The reaction
suspensions formed by 20mgZnO/CdS/BChybrid nanofiber
(10%) and 40mL methyl orange (20mg/L). Prior to irradi-
ation, the suspensions were stirred in the dark for 30min
to achieve the adsorption/desorption equilibrium. After a
given irradiation time, a small amount of the solution was
withdrawn for analysis of the methyl orange concentra-
tion after centrifuging. The photodegradation of the methyl
orange solution was investigated bymeasuring its absorbance
by the UV-Vis spectrophotometer (Evolution 220) at the
maximum absorption around 𝜆max = 500 nm. A good linear
relationship between the concentration and absorbance at
low concentration is presented according to Lambert-Beer’s
law:

𝜂 =

𝐶0 − 𝐶𝑡
𝐶0
× 100% =

𝐴0 − 𝐴 𝑡
𝐴0
× 100%, (1)

where 𝐶0 is the initial concentration of methyl orange solu-
tion,𝐴0 means the initial absorbance,𝐶

𝑡
is the concentration

at the 𝑡moment, and 𝐴
𝑡
is the concentration at the moment.

3. Results and Discussion

3.1. X-Ray Diffraction Patterns (XRD). The XRD patterns
of bacterial cellulose, pure ZnO, and ZnO/BC hybrid fiber
are described in Figure 2. Figure 2(a) shows the pronounced
diffraction peaks with 2𝜃 = 14.5∘, 16.6∘, and 22.5∘ correspond-
ing to the (101), (101−), and (002) planes of the BC fibers
[22]. Figure 2(c) shows the peaks of pure ZnO nanorod. It
indicates that the presence of ZnO nanorod attributes to
peaks at 2𝜃 = 31.8∘, 34.4∘, 36.3∘, 47.5∘, 56.6∘, 62.9∘, 66.4∘, 68.0∘,
and 69.1∘. These are associated with the (100), (002), (101),
(102), (110), (103), (200), (112), and (201) planes of the ZnO
hexagonal wurtzite structure [9]. Figure 2(b) shows XRD
patterns of ZnO/BC hybrid nanofiber. It can be seen that
all diffraction peaks could be identified to BC fibers and
ZnOpeakswith hexagonal wurtzite structure. No other peaks
related to impurities are detected in the pattern which further
confirms that the synthesized hybrid nanofibers were BC
and single phase of ZnO with hexagonal wurtzite structure.
Meanwhile, three characteristic peaks located at 14.5∘, 16.6∘,
and 22.5∘ from BC fibers are weakened due to a lot of
nanorods wrapped on the surface of BC fibers.

Figure 3 presents the XRD patterns of the ZnO/CdS/BC
hybrid fiber. There are two sets of diffraction peaks for
ZnO/CdS/BC nanoheterostructure, which can be ascribed
to hexagonal wurtzite ZnO and cubic CdS, respectively. In
contrast to the standard diffraction peaks (JCPDS number
36-1451), the pronounced and high diffraction peaks with
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Figure 2: XRD patterns of (a) bacterial cellulose, (b) ZnO/BC
hybrid fiber, and (c) ZnO.
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2𝜃 = 31.8

∘, 34.4∘, 36.3∘, 47.5∘, 56.6∘, 62.9∘, 66.4∘, 68.0∘,
and 69.1∘ correspond to the (100), (002), (101), (102), (110),
(103), (200), (112), and (201) planes of the hexagonal ZnO,
respectively [9]. Meanwhile, broader and weaker diffraction
peaks with 2𝜃 = 26.5∘, 43.9∘, and 52.0∘ are observed and
they are found to be consistent with those of the standard
CdS (JCPDS number 89-0440), corresponding to the (111),
(220), and (311) planes of the CdS, respectively, suggesting
the existence of ZnO and CdS [8]. And the ZnO diffraction
peaks get weaker with increasing contents of CdS. It implies
the highly crystalline character of ZnO and the little crystal
size of CdS in the sample.

3.2. Scanning Electron Microscopy (SEM). The morphologies
of BC and ZnO/CdS/BC hybrid nanofiber (10, 20,
and 50wt%, resp.) structure are investigated by SEM.
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(a) (b)

(c) (d)

Figure 4: (a) SEM of bacterial cellulose and ((b)–(d)) samples prepared at 120∘C with CdS contents at 10%, 20%, and 50%.

Figure 4(a) shows SEM images of bacterial cellulose
nanofibers biosynthesized by Acetobacter xylinum NUST
5.2. It presents a three-dimensional network structure with
an average diameter of about 30 nm. The three-dimensional
network structure contains a lot of lone pair electrons in
the hydroxyl groups, which play an active role in anchoring
the nanoparticles. Figure 4(b) shows SEM images of
ZnO/CdS/BC (10%) nanoheterostructure, there are many
nanoparticles with the sizes of several nanometers growing
on the surfaces of the hybrid fiber, and the particle has a
spherical shape. The surfaces become coarse compared with
those of ZnO nanorods. Figure 4(c) shows SEM images of
ZnO/CdS/BC (20%) nanoheterostructure. It clearly indicates
that there are a large number of CdS nanoparticles growing
on the surfaces and the surrounding of the hybrid fiber.
The SEM of the ZnO/CdS/BC hybrid nanofiber (50wt%) is
shown in Figure 4(d). It is found that the whole hybrid fiber
was coated by CdS nanoparticles. Therefore, the formation
of hybrid ZnO/CdS/BC fibers was established.

3.3. Thermogravimetric Analysis (TGA). Thermal stability of
the polymer films was examined at the temperature range of
50–800∘C with a heat in grate of 10∘C/min, under nitrogen
flushed at 200mL/min using Boyuan DTU-2C thermogravi-
metric analyzer. As the temperature increased, a graph of
weight loss (%) versus temperature was plotted. Bacterial
cellulose andZnO/CdS/BChybrid fiber (50%)were subjected

to TGA to determine the thermal stability and decomposition
characteristics.

Figure 5 shows TGA curves of bacterial cellulose and
ZnO/CdS/BC hybrid fiber (50%).The TGA curve of bacterial
cellulose shows one main weight loss stage ranging from
280∘C to 380∘C followed by the final decomposition of the
polymer, which can be attributed to the decomposition of
main chain of the polymers. At higher heating tempera-
tures, the BC continues to decompose until about 99.8%
was lost at temperatures above 600∘C. However, only 22%
weight was lost when the ZnO/CdS/BC hybrid fibers (50%)
were decomposed at 600∘C. TGA curves scan indicates that
ZnO/CdS/BC hybrid fiber has better thermal properties than
BC because ZnO/CdS/BC hybrid fiber does not completely
lose weight at the temperature range. It can also indicate there
is an interaction between BC and ZnO/CdS nanorod. It was
evident that high load of ZnO/CdS/BC ternary hybrid fiber
can be achieved in coprecipitationmethod, which agrees with
the results from the latter X-ray photoelectron spectroscopy
(XPS).

3.4. X-Ray Photoelectron Spectroscopy (XPS). High resolution
XPS and wide XPS spectra are conducted to investigate the
composition and chemical states of samples. Figure 6 shows
the survey spectrum of the ZnO/CdS/BC hybrid fiber (50%).
The Zn, O, Cd, C, and S peaks can be clearly observed in
the survey spectrum. Carbon might come from the original
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Figure 6: XPS of ZnO/CdS/BC hybrid fiber (50%).

source such as bacterial cellulose. Cadmium, zinc, sulfur, and
oxygen are expected from the chemical composition of CdS
and ZnO.

The narrow spectrum of Cd (a), O (b), S (c), and Zn
(d) elements in ZnO/CdS/BC hybrid fiber (50%) is given
in Figure 7. Figure 7(a) shows the multiplex spectrum of
cadmiumpeaks.Thepeaks at binding energies of 411.9 eV and
404.7 eV can be assigned to Cd 3d3/2 and Cd 3d5/2 of Cd-S
bond, respectively [30]. This is consistent with the binding
energies reported in the literature [31, 32]. Figure 7(b) shows
themultiplex spectrumof oxygen peaks.Thepeaks at binding
energies of 539 eV can be assigned to O 1s [33]. In addition,
Figure 7(c) shows themultiplex spectrumof sulfur peaks.The
peaks at binding energies of 161.2 eV can be assigned to S 2p
[34]. Figure 7(d) shows themultiplex spectrum of zinc peaks.
The peaks at binding energies of 1021.7 eV can be assigned to
Zn 2p3/2 of the Zn-O bond [35]. Moreover, by calculating
determination of the peak area of XPS curve, we can see that

the atom ratio of Cd/Zn is about 1, which is close to that of
the theoretical standard.

As a result, XPS analysis reveals that a large number
of ZnO/CdS nanorods are wrapped on the surface of BC
fibers, successfully. It implies that the ternary hybrid fiber
can be prepared with coprecipitation method under the low-
temperature condition.

3.5. UV-Vis Absorption Spectroscopy (UV-Vis). The strong
absorption edge of pure ZnO nanorods occurs at the wave-
length of 387 nm and their band-gaps can be estimated to
3.21 eV. Compared to the pure ZnO sample, the high absorp-
tion edge of pure CdS nanorods occurs at the wavelength
of 551 nm and their band-gaps can be estimated to 2.25 eV.
Although CdS has a stronger absorption than ZnO in visible
light region, the easy occurrence of photochemical corrosion
limited its application ranges and lifespan. Therefore, the
optimized combined treatment is more effective in pre-
venting photochemical corrosion from CdS and extending
the range of spectral response from ZnO. Meanwhile, the
efficiency of electron cavity separated is increased and the
activity of catalysts is improved.

Figure 8 shows the UV-Vis spectra of the ZnO/CdS/BC
hybrid nanofiber (0, 10, 20, and 50wt%, resp.) under 120∘C
condition. It is interesting to note that, by increasing the
percentage of CdS from 0 to 50%, the absorption is much
higher, which can be ascribed to the larger amount of
deposited CdS. Compared to the pure ZnO sample, the red
shift of ZnO/CdS/BChybrid nanofiber is becomingmore and
more obvious. The results indicate that enhancement of the
absorption in the visible spectral range could improve the
activity of catalysts obviously.

3.6. Photocatalytic Activity Measurements. To evaluate the
photocatalytic activity of the samples, the photodegradation
of the methyl orange was investigated under the simulated
sunlight from a 500W Xe lamp. In the experiment, 20mg
of photocatalyst was suspended in 40mL of a 20mg/L
aqueous solution of methyl orange. Prior to irradiation,
the suspensions were stirred in the dark for 30min to
achieve an adsorption/desorption equilibrium. And then the
suspensions were added to photocatalytic reactor. We took a
sample in 30min. The sample was first naturally precipitated
and the absorbance for the supernatant was determined.

The photodegradation curves of the samples under UV
irradiation are given in Figure 9. A blank test (methyl
orange without any catalyst) under irradiation exhibited
little decrease in the concentration of methyl orange and its
degradation percentage of methyl orange reaches only 12%
at 90min in Figure 9(a). ZnO/BC hybrid fibers as a photo-
catalyst, by contract, its degradation percentage of methyl
orange reached 58% at 90min in Figure 9(b). For ZnO/CdS,
its degradation percentage of methyl orange reaches 90% at
90min in Figure 9(c). However, for ZnO/CdS/BC nanohy-
brid fibers (10%) as a photocatalyst, the photodegradation
of methyl orange reached nearly 100% after 90min of the
light irradiation in Figure 9(d). It is found that ZnO/CdS/BC
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Figure 7: Narrow spectrum of (a) Cd, (b) O, (c) S, and (d) Zn, elements in ZnO/CdS/BC hybrid fiber (50%).

nanohybrid fibers (10%) show the best photocatalytic effi-
ciency among the samples, which was mainly attributed to
the extended photoresponding range toward visible light.
Meanwhile, the BC has good fixation effects on ZnO/CdS
nanoheterostructure; it provides greater specific surface area
as well as more uniform morphology and helps reduce
agglomeration.

4. Conclusions

In summary, an environment-friendly biomaterial bacterial
cellulose (BC) was introduced to substitute general organic
polymers to assist the preparation of ZnO/CdS/BC ternary
hybrid fiber through coprecipitation method under the low-
temperature condition. The XRD, XPS, and SEM results
showed that high load of ZnO/CdS/BC ternary hybrid
fiber could be produced. TGA curves scan revealed that

ZnO/CdS/BC hybrid fiber had better thermal properties.The
UV-Vis spectra of the ZnO/CdS/BC hybrid nanofiber (0, 10,
20, and 50wt%, resp.) under 120∘C condition indicated that
photocatalytic activities of ZnO/CdS/BC were influenced by
the added amount of CdS. It was noted that, by increasing the
percentage of CdS from 0 to 50%, the absorption was more
higher. Meanwhile, ZnO/CdS/BC nanohybrid fibers showed
the best photocatalytic efficiency among the samples. In brief,
the application of our ZnO/CdS/BC hybrid in photocatalysis
would be promising because of its excellent photocatalytic
performance and simple synthetic route.
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This research work was carried out for the removal of nitrate from raw water for a drinking water supply. Nitrate is a widespread
ground water contaminant. Methodology employed in this study included adsorption on metal based nanoparticles and ion
exchange using anionic resins. Fe/Pt bimetallic nanoparticles were prepared in the laboratory, by the reduction of their respective
salts using sodium borohydride. Scanning electron microscope, X-ray diffraction, energy dispersive spectrometry, and X-ray
florescence techniques were utilized for characterization of bimetallic Fe/Pt nanoparticles. Optimum dose, pH, temperature, and
contact time were determined for NO

3

− removal through batch tests, both for metal based nanoparticles and anionic exchange
resin. Adsorption data fitted well the Langmuir isotherm and conformed to the pseudofirst-order kinetic model. Results indicated
97% reduction in nitrate by 0.25mg/L of Fe/Pt nanoparticles at pH 7 and 83% reduction in nitrate was observed using 0.50mg/L
anionic exchange resins at pH 4 and contact time of one hour. Overall, Fe/Pt bimetallic nanoparticles demonstrated greater NO

3

−

removal efficiency due to the small particle size, extremely large surface area (627m2/g), and high adsorption capacity.

1. Introduction

Nitrate is the most widely available contaminant in ground
and surface waters [1]. Excess of nitrate in drinking water
results from anthropogenic sources, for example, overfertil-
ization in agriculture, cattle shed discharge, untreated sewage,
leakage from septic systems, infiltration of landfill leachate,
and industrial waste water [2–5]. Out of these, synthetic
fertilizers are the major contributors of nitrate pollution
[6]. Nitrate concentration above the maximum permissible
limit in drinking water is injurious to human health. Nitrate
exposure can also lead to several health issues such as blue
baby syndrome, increased infant mortality, birth defects,
abdominal pain, diarrhea, vomiting, diabetes, hypertension,
respiratory tract infections, and changes in the immune
system [7–11]. To limit the risk to human health from nitrate
in drinking water, the Maximum Contaminant Level (MCL)
is set to be 10mg NO3

−-N/L (45mg NO3
−/L) by USEPA,

while the World Health Organization (WHO) and the Euro-
pean Community have set the MCL at 11.3mg NO3

−-N/L
(50mgNO3

−/L) [12, 13]. Numerous technologies are available
for removal of nitrate from water. These include reverse
osmosis, electrodialysis, biological denitrification, and ion
exchange methods. In case of reverse osmosis (RO) water
passes through a semipermeable membrane, and nitrate and
other ions are rejected because their size is greater than
the membrane pore size [14, 15]. Biological denitrification is
widely practiced for the treatment ofmunicipal and industrial
wastewater but is less commonly used in drinking water
applications [16]. Ion exchange is a process in which the
target ion gets exchanged with a loosely adsorbed ion on a
resin. Ion exchange is also like a reversible chemical process
in which ions from an insoluble permanent solid medium
(the ion exchanger is usually a resin) are exchanged for
ions in a solution [17]. This process is widely adopted for
nitrate removal because of its simplicity, effectiveness, and
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relatively low cost [15–17]. Most of the on-going research
has focused on nanosized zerovalent iron (NZVI) particles
which typically have their size within the range of 1–100 nm
[18, 19]. The nanosized iron have larger surface area, about
ten to hundreds times larger than microscopic iron powder,
which results in more exposure of particles surface leading to
enhanced adsorption efficiency [20].

NZVI supplemented with the secondary metal is a new
technique for nitrate removal, which enhances the catalytic
reactivity through hydrogenation [21, 22]. Secondary metal
also enhances reaction rate [23]. In order to improve the
nitrate removal, various bimetallic nanoparticles were tested
in batch studies and themost efficient combination of metals,
that is, (Fe/Pt) nanoparticles, was compared with commonly
used, strong base anionic exchange resins (Amberlite IRA402
Cl). Langmuir and Freundlich isotherm models were used
to study favorability of adsorption. To study kinetics of the
chemical reactions pseudosecond-order kinetics model was
applied.

2. Materials and Methods

2.1. Martials. Chemicals used in this research work
included NaBH

4
(Sigma-Aldrich), FeCl

3
⋅6H
2
O (Merck),

FeSO
4
⋅7H
2
O (Merck), PtCl

4
(Merck), PEG-4000 (Merck),

and CuSO
4
⋅6H
2
O (Merck). For solution preparation, known

quantities of the compounds were dissolved in deionized
water (EC < 0.7 𝜇S/cm, Labconco Waterpro PS). KNO

3
was

used for the nitrate solutions. For ion exchange experiments,
strong base anion exchange resins (Amberlite IRA402 Cl)
were purchased from Sigma-Aldrich. 0.1M. Hydrochloric
acid (HCl) and sodium hydroxide (NaOH) were used to
adjust pH of the nitrate solutions. 10% NaCl was used for
regeneration of anionic exchange resins.

2.2. Methodology

2.2.1. Synthesis of Pt/Fe Bimetallic Nanoparticles. Fe/Pt bime-
tallic nanoparticles were synthesized in the laboratory in a
Vacuum Glove Box (model: CV-1000 SAMPLATEC Corp.,
Japan) in an inert atmosphere. To synthesize Fe/Pt nanopar-
ticles, NaBH

4
(0.2M, 99% Aldrich) solution was prepared

in DI water/ethanol in 4 : 1 (v/v) and added slowly at the
rate of 2mL/min to FeCl

3
⋅6H
2
O (0.05M, 99% Merck) and

PtCl
4
(0.05M, 99% Merck) aqueous solution at 400 rpm in

nitrogen atmosphere in glove box. The solution was filtered
using 0.45𝜇m membrane filter in inert atmosphere to avoid
contact of nanoparticles with air, prior to titration against
HNO

3
. The resulting nanoparticles were washed thrice with

distilled water and ethanol and stored in the dark.

2.2.2. Characterization of Fe/Pt Bimetallic Nanoparticles.
Bimetallic nanoparticles were analyzed through X-ray
diffraction (XRD, JEOL JDX-II, Japan). X-ray fluorescence
analysis was performed using XRF-JEOL (Model JSX-3202M,
Japan). The scanning electron microscope (JSM-6460, JEOL
Ltd., Japan) attached with energy dispersive spectrometer
(EDS, JSM-6460, JEOL Ltd., Japan) was used to find out
surface morphology and composition of nanoparticles.

The porous texture characterization of the samples was
recorded by N

2
adsorption data at −196∘C (Autosorb-6B

apparatus from Quantachrome [20]) the specific BET
surface area (𝑆BET) was determined by applying using
Brunauer-Emmett-Teller (BET) equation.

2.2.3. Batch Experiments Using Fe/Pt Bimetallic Nanoparticles.
Batch experiments were carried out in 250mL glass beaker
coveredwith aluminum foil. All of the apparatus was covered,
during experimentation, to restrict photocatalytic activity of
nanoparticles and,moreover, to study adsorption efficiency of
nanoparticles only. All experimental conditions optimization
experiments were performedwith 100mg/L nitrate solutions.
For dosage optimization, test solutions containing different
concentrations of Fe/Pt bimetallic nanoparticles (0.1, 0.25,
0.50, 0.75, and 1 g) were placed at an orbital shaker at 200 rpm
for one hour at room temperature. After dosage optimization,
test solution with optimized dosage was tested at 200 rpm
for one hour, at three different pH levels (4, 7, and 10).
Subsequent to dose and pH optimization, test solutions with
optimized dosage were tested for different contact times (5,
10, 15, 20, 30, 45, 60, 90, and 120min), with optimized dosage
and optimized pH. Finally, effect of temperature on removal
efficiencies was studied at 15, 25, and 40∘C, with all other
optimized conditions.

2.2.4. Batch Experiments Using Anionic Exchange Resins.
Slurry based anionic exchange experiments were performed
at different temperatures (i.e., 25, 45, and 60∘C), in 250mL
beaker containing nitrate solution added with varying quan-
tities of anionic resin. Mixing was maintained by orbital
shaker. After providing specific mixing time, the sample was
filtered and tested. Parameters such as pH (4, 7, and 10), effect
of initial nitrate concentrations (10, 25, 50, 100, 200, 300, 400,
and 500mg/L) on removal efficiencies, and reaction times (5,
10, 15, 30, 45, 60, 90, and 120min) were investigated using
spectrophotometer.

2.2.5. Adsorption and Kinetic Isotherm Experiments. In order
to evaluate the surface properties and nanoparticles adsorp-
tion capacity, the experimental data were applied to the Lang-
muir equation. Isotherm experiments were performed with
different initial nitrate concentration solution (10–500mg/L),
and the contact time of 1 hour, pH values of 4 ± 0.05,
and temperature of 25∘C were chosen as the experimental
conditions to determine the adsorption isotherm of nitrate
ions. For kinetic studies similar reaction conditionswere used
and reaction time was extended, till 2.5 hours, and samples
were taken from time to time for final nitrate concentration
analysis.

3. Results and Discussion

3.1. Characterization of Fe/Pt Bimetallic Nanoparticles. Char-
acterization of Fe/Pt bimetallic nanoparticles is represented
in Figure 1.The Pt is loaded at the surface of Fe nanoparticles,
giving it a kind of bimetallic alloy nature. SEM images
confirmed the presence of uniform spheroid, macroporous,
sponge-like structure of high roughness and complexity. Such
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Figure 1: Characterization of Fe/Pt nanoparticles.

structure indicated the high surface area (627m2/g) which
has been proven to be efficient for photocatalytic degradation
purposes. XRF analysis confirmed that nanoparticles were
composed of Fe and Pt metals in equimolar ratio. All of the
samples show the superlattice reflections (001) and (110) as
well as some splitting of the (200)/(002) peakwhich signifies a
tetragonality, as shown in Figure 1. EDS pattern revealed that
the Fe/Pt nanoparticles were composed of almost 50%of each
metal. X-ray diffraction was used to investigate the crystal
phase composition bimetallic nanoparticles. XRD patterns
showed that the nanoparticles contained pure anatase phase
with the average crystallite sizes of 19 to 42 nm.

3.2. Experiment Conditions Optimization

3.2.1. Effect of Adsorbent Dose. To study the removal effi-
ciencies of adsorbent doses, 200mg/L of the initial nitrate
solutionwas used. Dosages for both anion exchange resin and
Fe/Pt bimetallic nanoparticles were varied among 100mg/L
to 1000mg/L, at pH 7 within the contact time of 60min for
both adsorbents. It is clear from Figure 2 that NO3

− removal
is directly proportional to the absorbent dose till 500mg/L.
Doses higher than 500mg/L for resins and 250mg/L for
nanoparticles did not show significant NO

3
, so it would not

be economical. The higher removal of nitrate was because of
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Figure 2: Effect of dose on nitrate removal by resins and Fe/Pt
bimetallic nanoparticles.

greater surface area of Fe/Pt nanoparticles requiring smaller
dose as compared to anionic exchange resins.

3.2.2. Effect of pH. The effect of pH on nitrate removal
using Fe/Pt bimetallic nanoparticles and anionic exchange
resins was studied at three different pH values (4, 7, and
10) with the optimized dosage (0.50mg/L resins, 0.25mg/L
nanoparticles) against 200mg/L nitrate solution, within the
contact time of one hour. Nitrate removal by Fe/Pt bimetallic
nanoparticles and anionic exchange resins as a function of pH
is shown in Figure 3. Results showed that, for anionic resin,
nitrate was removed at all pH levels to a varying degree, at
a contact time of 60 minutes. A maximum of 82.5% removal
was achieved, using resin at 4 pH.Nitrate reduction efficiency
by resins decreased notably with raising pH of the solution.
The removal efficiency of nanoparticles, after contact time of
60min and pH value of 4–10, varied between 92 and 83%.
Rate of nitrate removal at pH 7 was distinctively higher than
for pH 4 or 10.

3.2.3. Effect of Contact Time. Effect of adsorption of nitrate on
Fe/Pt nanoparticles and anionic exchange resins as a function
of contact time of absorbents is shown in Figure 4. A pH
7 was maintained for nanoparticles and pH 4 for anionic
exchange resins. Optimized dose of each adsorbent was used
for initial 200mg/L nitrate solution. As reflected from the
results, with increasing reaction time, the nitrate removal
efficiency increased, for both adsorbents.

The distinct slopes in Fe/Pt nanoparticles curve showed
that overall adsorption characteristics of nanoparticles
changed with contact time over 45min and continuously
yielding slope reflected that extension in contact time would
not have any dramatic effect on NO

3
removal. The ion

exchange resin however smoothly exhausted at about 70min.
This also confirmed that minimum contact time of 60
minutes used in this experiment would be logical. For the
contact time of 60min, nitrate removal efficiency was 91%
vis-à-vis 83% under all other optimized conditions and the
same contact time.
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Figure 3: Effect of pH on nitrate removal by resins and Fe/Pt
bimetallic nanoparticles.
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3.2.4. Effect of Temperature. The effect of temperature on
nitrate was studied using optimized dosage, pH, and contact
time, against 200mg/L nitrate solution at three different
temperatures, that is, 15, 25, and 35∘C. Figure 5 shows
the results. The effect of temperature on nitrate removal
via anionic exchange resins indicated that nitrate removal
increased, by increasing temperature. For Fe/Pt nanopar-
ticles, during contact time of 60min and at temperature
25∘C, about 87–90% of nitrate was removed. For resin rise
in temperature up to 35∘C helps improving NO

3
removal.

For Fe/Pt bimetallic nanoparticles, rise in temperature lowers
NO
3
removal efficiency.

3.2.5. Effect of Initial Nitrate Concentration. In the batch
experimentation using anionic resin, the adsorption effi-
ciency of resins under all other optimized conditions
decreased from 83% to 48%, when the initial nitrate concen-
tration increased from 10 to 400mg/L as shown in Figure 6.
For similar changes in initial concentration of nitrate, with
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Fe/Pt nanoparticles and nitrate adsorption efficiency gradu-
ally reduced from 98% to 51%.

It seems to be an ion exchange resin support ion exchange
phenomenon, till the NO3

− concentration rises beyond its
exchange capacity. There is however a smooth reduction
in Fe/Pt nanoparticle effectiveness with increase in initial
concentration of NO

3
.

3.3. Adsorption and Kinetic Isotherms

3.3.1. Langmuir Isotherm. Capacity of the adsorbent can
be estimated by adsorption studies. In order to evaluate
the surface properties and resins adsorbent or exchange
capacity the experimental data of varying initial nitrate
concentrations was applied to the Langmuir equations. The
linear Langmuir adsorption isotherms of nitrate ions are
illustrated in Figure 7. The Langmuir parameters, 𝑞

𝑚
and 𝑏,

are calculated from the slope and intercept of the graphs and
are given in Table 1.The linear fitting ofmodels was examined
by calculation of correlation factors (𝑅2). The correlation
values are also given in Table 1. These values for Langmuir
constants are higher in case of Fe/Pt bimetallic nanoparticles
indicating that Langmuir isotherm better fits adsorption data

Table 1: Langmuir isotherms constants of nitrate ions adsorption by
nanoprticles and resins.

Materials 𝑞

𝑚
(mg/g) 𝑏 𝑅

𝐿
𝑅

2

Resins 83.55 0.057 0.08 0.984
Fe/Pt nanoparticles 103 0.647 0.01 0.998

of nanoparticles, compared to the resin. Data clearly suggests
that the adsorption of nitrates ions is monolayer-type in
both cases; moreover, it agrees with the observation that the
adsorption from an aqueous solution usually forms a layer
on the adsorbent surface. The higher values of Langmuir
constant 𝑏 shows the enhanced affinity of binding sites and
suggests that a chemical interaction between adsorbent and
adsorbate occurs much better in case of nanoparticles. The
𝑅

𝐿
values (see Table 1) are all found to be within 0 and 1

indicating a highly favorable adsorption of nitrate ions onto
ion exchange resins.

The Langmuir model assumes that adsorption occurs in
monolayer or that adsorptionmay only occur at fixed number
of localized sites on the surface with all adsorption sites
identical and energetically equivalent.

3.3.2. Kinetic Isotherms. Adsorption kinetics determines
the efficiency of adsorption; therefore, pseudosecond-order
kinetic model was applied on the adsorption data. The
correlation coefficients values indicate that the experimental
data fits the kinetic model as shown in Figure 8.

Results explicitly explain that nitrate adsorption on
nanoparticles and resins is a function of time and pH 4.
For a 200 ppm initial nitrate concentration and reins dose
of 0.5mg/L, 12% of the total nitrate was removed after
the first 5min; this value promptly increased to about 53%
after 20min. After 120min, the maximum removal was
97%. Nitrate adsorption on bimetallic nanoparticles is also
a function of contact time and dose at pH 7 as removal
efficiency increased with the increase of contact time. For a
200 ppm initial nitrate concentration and bimetallic nanopar-
ticles dose of 0.25mg/L, after the first 5min, 15.5% of the
total nitrate was removed and removal percentage drastically
increased to about 68% after 20min. After 120min the max-
imum removal was 83.5%. Parameters for kinetic isotherm
for both adsorbents are represented in Table 2, and all values
are higher in case of nanoparticles, compared to resins. It
is clear from the results that adsorption using nanoparticles
gives much better removal efficiency.

4. Conclusions

The overall results indicate that Fe/Pt nanoparticles having
a large surface area (627m2/g) are potentially more efficient
than the commercially used anionic resins for nitrate removal
fromwater. Literature review demonstrates that, in bimetallic
system, Fe is considered reductant for water to generate
hydrogen, and the second metal, that is, Pt, which has
a high ability to dissociate H

2
acts as catalyst [24]. For

hydrochlorination of halogenated compounds, the coating of
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Figure 7: Langmuir adsorption model for (a) Fe/Pt bimetallic nanoparticles 25 ± 1∘C and (b) resins at 35 ± 1∘C.
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Figure 8: Pseudosecond-order kinetics model for (a) Fe/Pt bimetallic nanoparticles and (b) resins at 25 ± 1∘C.

Table 2: Pseudosecond-order kinetic plots for the adsorption of
nitrate ions on nanoparticles.

Materials 𝑞

𝑒
(mg/g) 𝐾 (g/mgmin) 𝑅

2

Fe/Pt nanoparticles 45.45 0.432 0.973
Resins 22.075 0.146 0.984

secondary metal not only enhances the reactivity but also
lowered the accumulation of toxic byproducts. Presence of Pt
dramatically increased the reactivity of Fe nanoparticles for
nitrate reduction.

During the catalytic reduction process of nitrate, nitrite
was tested as intermediate product with the trend of first
rising and then decreasing; no nitrite existed in solution at
the end of reaction.This indicates that nitrate reduction with
Fe/Pt nanoparticles undergoes two steps: firstly, nitrate is
adsorbed to nanoparticles surface and afterward is reduced

to nitrite; as a result of strong affinity of particles surface to
nitrite, only a little nitrite was detected in the solution during
the reaction. Finally adsorbed nitrite reduced to ammonium
followed by desorption of ammoniumdue to theweak affinity
between Fe/Pt bimetallic particles surface and ammonium
[25].

Adsorption of nitrate was determined to be a pseudofirst-
order reaction, with rates influenced by the initial concen-
tration of the nitrate; furthermore, adsorption rate using
nanoparticles were maximum at 7 pH and 25∘C with an
optimized nanoparticles dose of 0.25mg/L.While adsorption
results generated for both adsorbents fittedwell the Langmuir
isotherm, all Langmuir constants showed higher values in
case of nanoparticles. Using optimized adsorption conditions
resins showed maximum 83% removal; however, nanoparti-
cles gave 97% nitrate removal for an initial nitrate solution
of 200mg/L in water. Experiments are currently underway
(at IESE, NUST) in attempt to test and to study adsorption
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and photocatalytic effect of Pt/Fe bimetallic nanoparticles on
other ions present in waste water, through rapid small scale
filter column tests.
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The enzyme chloroperoxidase (CPO) was immobilized in silica sol-gel beads prepared from tetramethoxysilane. The average pore
diameter of the silica host structure (∼3 nm) was smaller than the globular CPO diameter (∼6 nm) and the enzyme remained
entrapped after sol-gel maturation.The catalytic performance of the entrapped enzymewas assessed via the pyrogallol peroxidation
reaction. Sol-gel beads loaded with 4 𝜇g CPO per mL sol solution reached 9–12% relative activity compared to free CPO in
solution. Enzyme kinetic analysis revealed a decrease in 𝑘cat but no changes in𝐾𝑀 or𝐾

𝐼
. Product release or enzyme damage might

thus limit catalytic performance. Yet circular dichroism and visible absorption spectra of transparent CPO sol-gel sheets did not
indicate enzyme damage. Activity decline due to methanol exposure was shown to be reversible in solution. To improve catalytic
performance the sol-gel protocol was modified.The incorporation of 5, 20, or 40%methyltrimethoxysilane resulted in more brittle
sol-gel beads but the catalytic performance increased to 14% relative to free CPO in solution.The use of more acidic casting buffers
(pH 4.5 or 5.5 instead of 6.5) resulted in a more porous silica host reaching up to 18% relative activity.

1. Introduction

Silica nanostructures can be fabricated using a room tem-
perature sol-gel process that is compatible with biomolecules
[1, 2]. The entrapment of enzymes inside these silica
nanostructures has facilitated diverse applications in bio-
catalysis and biosensing [3]. Here, we demonstrate the use
of sol-gel technology to make a biocatalyst based on entrap-
ment of the enzyme chloroperoxidase (CPO) inside a silica
nanostructure.

CPO (EC 1.11.1.10) is one of the most versatile heme
enzymes known to date. It can be obtained as a secreted,
glycosylated protein from the marine fungus Caldariomyces
fumago [4, 5]. CPO catalyzes halogenation, sulfoxidation,
hydroxylation, and epoxidation reactions with high substrate
promiscuity under environmentally benign conditions [6].
CPO catalyzed oxidative transformations are based on hydro-
gen peroxide or an alkyl peroxide as oxidant, whereas the
equivalent traditional chemical reactions require stoichio-
metric amounts of heavy metal salts [7]. Another advanta-
geous feature of CPO is its ability to perform these reactions
in a highly enantioselective manner [8]. Transforming CPO
into a practical biocatalyst for oxidative transformations in

biosynthetic chemistry is therefore highly desirable. Fur-
ther possible biotechnological applications of CPO include
wastewater treatment or upgrading petroleum products [9–
11]. The use of CPO as biocatalyst, however, is hampered
by its loss of activity in the presence of organic solvents,
deactivation at high concentrations of the oxidant H

2
O
2
, and

instability at elevated temperatures [8, 12].
Various approaches have been attempted to improve the

stability and productivity of CPO in solution [13–16] as
well as in immobilized form [12, 17–21]. In our study, CPO
was entrapped in a hydrogel prepared from the precursor
tetramethoxysilane (TMOS) with or without the addition of
methyltrimethoxysilane (MTMS). Enzyme immobilization
offers key advantages, most notably ease of enzyme recovery
and reusability [22]. Silica-based sol-gels furnish chemically
inert and optically transparent immobilization matrices [2,
23]. However, sol-gel immobilization is often accompanied
by a loss of enzymatic activity.This loss can be due to enzyme
damage, leakage of enzyme from the immobilization host, or
limited material transport of substrates and products within
the sol-gel nanostructure.We examined each of these possible
reasons using absorption and circular dichroism spec-
troscopy, porosimetry, and an enzyme activity assay for CPO,
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that is, the peroxidation of pyrogallol. The effect of methanol
onCPOwas also investigated sincemethanol is released from
the precursor TMOS during the hydrolysis and condensation
reactions of the sol-gel process. In our attempts to optimize
the catalytic performance of sol-gel immobilized CPO, we
exploited the stability of CPO in acidic solutions [24] and
deviated from the pH range of 6.0–7.0 which is typically
employed in protein sol-gel immobilization procedures. The
use of more acidic solutions in the sol-gel process might also
be beneficial for various sol-gel applications based on other
proteins that either withstand or thrive in acidic conditions.

2. Materials and Methods

2.1. Materials. CPO from C. fumago was purchased from
Sigma-Aldrich. The turbid suspensions were centrifuged at
15,000 rpm for 5 minutes in an Eppendorf microcentrifuge.
The concentrations of the CPO supernatants were deter-
mined via the intensity of the Soret band [25] and confirmed
with protein assays [26]. The CPO samples used in this study
had concentrations in the range of 9 to 15mg/mL. All other
reagentswere purchased fromSigma-Aldrich or Fisher Scien-
tific. Aqueous solutions were prepared with deionized water
obtained from a Millipore Milli-Q device.

2.2. Sol-Gel Entrapment. A sol solution was prepared by
mixing 50𝜇L deionized water, 4.7 𝜇L 0.010M hydrochloric
acid, and 235 𝜇L TMOS in a microcentrifuge tube. If MTMS
was included, TMOS and MTMS were premixed. The molar
ratio ofMTMSwas either 5, 20, or 40%of the totalMTMSand
TMOS precursor mixture.The sol solution was sonicated in a
Branson 1510 sonicator bath filled with ice water for 30 min-
utes and either used immediately thereafter or stored for up
to a week at 4∘C. In amicrocentrifuge tube, 140 𝜇L sol, 480 𝜇L
casting buffer, and 500𝜇L diluted CPO solution were mixed.
The casting buffers were prepared by mixing 0.1M citric acid
and 0.2M dibasic sodium phosphate to reach pH values of
4.5, 5.5, 6.0, or 6.5. CPO was diluted in 20mM potassium
phosphate-potassium hydroxide buffer, pH 6.0. Small beads
of 50𝜇L volume were prepared by pipetting the mixture
onto parafilm sheets. As the pH value of the casting buffer
decreased the gelation time increased from approximately 15
minutes (pH 6.5) to 240min (pH 4.5).The CPO sol-gel beads
were transferred into glass tubes in sets of three to eight beads
and covered with a storage buffer composed of 2.1mL deion-
izedwater and 0.32mL 0.1M citric acid-0.2Mdibasic sodium
phosphate buffer, pH 4.2. This storage buffer was typically
exchangedwith a newportion of storage buffer after one hour,
and thereafter each day for seven or ten days. The storage
temperature was 4∘C.

2.3. Activity Assays. Activity assays were typically conducted
in 0.1M citric acid-0.2M dibasic sodium phosphate buffer,
pH 4.2 with 2.7 or 8.6mM H

2
O
2
, 35mM pyrogallol, and

0.2 𝜇g/mL CPO. CPO was added last to start the reaction.
The assay volume was 3mL. Control reactions without the
enzyme were performed in parallel. The hydrogen peroxide
and pyrogallol solutions were prepared fresh on the day
of the measurements and pyrogallol was kept in the dark.

The absorbance increase at 420 nm was monitored every 3
seconds for 2 minutes using a NanoDrop 2000c (Thermo
Fisher Scientific) with cuvette option. A molar absorptivity
value of 2640M−1 cm−1 for the product purpurogallin was
used to calculate the enzyme activity [24]. One International
Unit (IU) corresponds to the formation of one micromole
purpurogallin in oneminute at room temperature andpH4.2.

For enzyme kinetic studies, the concentrations of the
substrates pyrogallol and H

2
O
2
were varied. The substrate

inhibition model described by (1) was used to fit the depen-
dence of the initial reaction velocity, V

0
, on the substrate

concentration, [𝑆]. The fit parameters are the Michaelis-
Menten constant, 𝐾

𝑀
, the substrate inhibition constant,

𝐾

𝐼
, and the maximum initial reaction velocity, Vmax. The

parameter Vmax depends on the turnover number, 𝑘cat, and the
enzyme concentration, [𝐸]. The fit was carried out with the
program EnzFitter from Biosoft:

V
0
=

Vmax ⋅ [𝑆]

𝐾

𝑀
+ [𝑆] + [𝑆]

2
/𝐾

𝐼

with Vmax = 𝑘cat ⋅ [𝐸] . (1)

To detect how much CPO leaked from sol-gel beads,
activity assays were conducted with the storage buffers that
were removed and replaced during the maturation phase of
the sol-gel beads. These assays were conducted in a similar
manner as described above with the following exception: the
assay was started with the addition of H

2
O
2
as no extra CPO

was added.
Activity assays with CPO sol-gel beads were performed

with longer time intervals of 20 or 30 seconds for a total dura-
tion of 5 minutes. A Milton Roy Spectronic 20D instrument
was used to monitor the absorbance at 420 nm. Agitation of
the reaction solution and the CPO sol-gel beads via inversion
or pipetting was crucial to ensure good mixing in between
absorbance recordings. Control reactions with sol-gel beads
that did not contain CPO confirmed that the sol-gel beads
themselves do not catalyze the peroxidation of pyrogallol.

2.4. Spectroscopic Studies (CD andUV/VIS). CD spectra were
recorded with an AVIV Model 215 circular dichroism spec-
trometer at 25∘C.The temperature was controlled with a ther-
mostat. We employed the sample preparation method devel-
oped by Eggers andValentine [27]. A buffer of low concentra-
tion (2mM sodium phosphate, pH 7.0) was chosen to mini-
mize total sample absorbance in the UV region. To achieve
efficient gelation despite the low concentration of the buffer,
a pH value of 7.0 was selected. A sol solution was prepared
by sonicating 7.37mL TMOS, 0.92mL dH

2
O, and 0.88mL

0.01M hydrochloric acid for 20 minutes in an ice-water bath.
A portion of 1.75mL of this sol-gel solution was gently mixed
with 2.625mL CPO solution containing 12𝜇MCPO in 2mM
sodium phosphate, pH 7.0, and cast into a plastic cassette
of 1mm thickness. The cassettes were purchased from Life
Technologies. For the first four days, the storage buffer on
top of the sol-gel sheet was exchanged daily. For complete
maturation inside the more enclosed cassettes, the CPO sol-
gel sheets were stored for onemonth at 4∘C. Prior to the actual
CD measurements, the cassette housing the CPO sol-gel was
opened. A small piece was cut out with a razor blade and
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transferred into a CD quartz cuvette of 2mm thickness. The
remaining space was filled with 2mM sodium phosphate
buffer, pH 7.0.

UV/VIS spectra were recorded using a UV mini 1240
Shimadzu single beam spectrophotometer. The CPO sol-gel
material was prepared as described in Section 2.2. However,
instead of casting beads, the solution was poured into 1mm
thick plastic cassettes and a higher CPO concentration yield-
ing 1.6mg/mL CPO in the final sol-gel sheet was used. The
CPO sol-gel sheet was stored in the cassette for one month at
4∘C. A rectangular piece was cut out and placed onto one wall
of a plastic cuvette of 10mm thickness.The CPO sol-gel sheet
remained attached to the plastic wall after the cuvette was
filled with 50mMpotassiumphosphate buffer, pH 6.0. To test
the effect of changing the pH value of buffers surrounding the
CPO sol-gel sheets, the molarity of the potassium phosphate
buffers at various pH values was increased to 0.5M.

2.5. Influence of Methanol on CPO’s Catalytic Activity and
Spectroscopic Properties. CPO dissolved at concentrations of
up to 9 𝜇M in 0.1M citrate-0.2M phosphate buffer, pH 4.2
was incubated with 11% v/v methanol. After specific time
intervals, sample aliquots were removed to record UV/VIS
or CD spectra or to measure the enzymatic activity via
the pyrogallol peroxidation assay. Reference samples without
methanol were prepared in parallel. To test whether any
effects caused by methanol exposure might be reversible
methanol treated samples were dialyzed for three hours in
a Pierce Slide-A-Lyzer (10,000 MWCO) against 1 L of 0.01M
citrate-0.02M phosphate buffer, pH 4.2 at room temperature.

2.6. Porosimetry Measurements. All porosimetry measure-
ments were conducted with an ASAP 2020 physisorption
analyzer from Micromeritics using nitrogen gas. To prepare
the samples, the solvent exchange procedure described by
Harreld and coworkers was used [28].The sol-gel beads (typ-
ically 8) were placed in ∼4mL acetone overnight.The acetone
was exchanged each day for three days. For the final two days,
n-pentane was used instead of acetone. N-pentane and ace-
tone are miscible with each other, but n-pentane evaporates
more readily than acetone. This technique yields dry beads
while minimizing the risk of pore collapse. The beads were
placed in the sample degas station of the physisorption ana-
lyzer for approximately 8 hours at 37∘C until constant pres-
sure was reached. Nitrogen adsorption and desorption curves
were recorded and analyzed with the Brunauer-Emmett-
Teller (BET) algorithm. Proper performance of the instru-
ment was confirmed with a silica-alumina standard provided
by Micromeritics.

3. Results and Discussion

3.1. Peroxidation of Pyrogallol Catalyzed by Free and Sol-Gel
Entrapped CPO. The catalytic activity of CPO was assessed
by monitoring the peroxidation reaction of pyrogallol. To
determine optimal reaction conditions, we varied the pH
value of the assay buffer and the concentrations of pyrogallol
and hydrogen peroxide. Our observations for free CPO agree
well with previous studies [24, 29]. Acidic conditions, with

pH values in the range of 3.5 to 4.5, and pyrogallol concentra-
tions at approximately 35mM resulted in optimum catalytic
performance. Very high pyrogallol concentrations gave rise
to substrate inactivation, but the enzyme was even more
sensitive towards inactivation by the cosubstrate H

2
O
2
. The

H
2
O
2
concentration should not exceed 10mM. The enzyme

kinetic data obtained for sol-gel entrapped CPO displayed
similar features albeit at much lower specific activity. Notably,
sol-gel entrapment did not abolish the detrimental effect of
H
2
O
2
. All data displayed in Figure 1 was thus fitted with a

substrate inhibition model (see (1)).
The enzyme kinetic parameters for the peroxidation of

pyrogallol catalyzed by free and sol-gel entrapped CPO are
summarized in Table 1. Significantly smaller Vmax and thus
𝑘cat values were obtained for sol-gel entrapped CPO com-
pared to free CPO.The parameters𝐾

𝑚
and𝐾

𝐼
did not change

significantly in response to sol-gel entrapment for either sub-
strate. The poor quality of the fit shown in Figure 1(b) for the
data on sol-gel entrapped CPOmight be caused by large data
point variations and the limitations of the substrate inhibition
model. Manoj et al. [29] demonstrated that the substrate
inhibition model used here (see (1)) can yield acceptable fits
for individual substrate variations, but global fit parameters
were shown to be unattainable [29]. For example, the𝐾

𝑀
and

𝐾

𝐼
values of one substrate depended on the concentration of

the other cosubstrate. All kinetic parameters determined here
are thus only apparent values and the parameters for sol-gel
entrapped CPO are further influenced by additional factors.
For example, 𝑘cat was calculated based on the assumption that
all entrapped CPO molecules are able to participate in the
catalytic process. This will not be the case for CPOmolecules
that are entrapped in closed silica pores or are otherwise
permanently shielded and for CPO molecules with compro-
mised functionality due to enzyme damage. The decrease in
𝑘cat (and also Vmax)might thus signify an apparent decrease in
accessible and/or active CPO molecules upon sol-gel entrap-
ment. Notably, hindered product release can also cause a
decrease in 𝑘cat.The 𝑘cat value is either determined by the rate
of catalytic turnover or the rate of product release, depending
on which of the two steps is slower and thus rate-limiting.
The silica nanostructure does not seem to impose any
significant diffusional constraints on themolecules pyrogallol
and possiblyH

2
O
2
. If these substratemolecules were encoun-

tering substantial diffusional barriers, an increase in their
apparent𝐾

𝑀
and𝐾

𝐼
values would be expected.

3.2. Entrapment and Catalytic Performance of CPO in Sol-Gel
Beads. To further assess the entrapment and catalytic perfor-
mance of the immobilized enzyme, different amounts of CPO
were immobilized inside sol-gel beads corresponding to final
concentrations of 40𝜇g/mL, 8 𝜇g/mL, and 4 𝜇g/mL per total
sol-gel solution. The storage buffer was exchanged to remove
methanol originating from the hydrolysis and condensation
steps of the sol-gel formation. CPO activity was measured in
these exchanged buffer samples and compared to a reference
sample with free CPO in solution to quantify enzyme leakage
(see Figure 2). Higher enzyme loading resulted in more
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Figure 1: Peroxidation of pyrogallol catalyzed by free CPO (open squares; 0.575 𝜇g CPO in 3mL total assay volume) and sol-gel entrapped
CPO (grey circles; 0.575𝜇g CPO entrapped in three sol-gel beads placed in 3mL total assay volume). The CPO sol-gel beads were prepared
from TMOS with a pH 6.0 casting buffer and matured for one week with a buffer exchange on every other day. The activity assays were
performed in 0.1M citric acid-0.2M dibasic sodium phosphate buffer, pH 4.2 with constant concentrations of either 2.7mM H

2
O
2
(a) or

35mM pyrogallol (b). All data were measured in triplicate and are displayed as mean values ± one standard deviation. The parameters of the
curve fits are summarized in Table 1.

Table 1: Enzyme kinetic parameters for the CPO catalyzed peroxidation of pyrogallol∗.

𝐾

𝑀
(mM) 𝐾

𝐼
(mM) Vmax (IU/mg) 𝑘cat (1/sec)

Pyrogallol
Free CPO (𝑅2 = 0.983) 11 ± 1.0 160 ± 20 2000 ± 80 1400 ± 60
Sol-gel entrapped CPO (𝑅2 = 0.847) 9.3 ± 2.6 190 ± 74 100 ± 12 70 ± 8.4

H
2
O
2

Free CPO (𝑅2 = 0.921) 17 ± 6.2 6.4 ± 2.2 9100 ± 2500 6370 ± 1750
Sol-gel entrapped CPO (𝑅2 = 0.657) 27 ± 39 6.1 ± 8.6 680 ± 830 480 ± 580

∗Enzyme kinetic parameters were obtained by fitting the data shown in Figure 1(a) (pyrogallol) and Figure 1(b) (H2O2) to a substrate inhibition model (see
(1)). All parameters are presented as value of the fit ± one standard error of the fit.
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Figure 2:Three sets of CPO sol-gel beads with CPO concentrations
of 40 𝜇g/mL (dark grey bars), 8 𝜇g/mL (grey bars), and 4 𝜇g/mL
(light grey bars) were aged for one week. The storage buffer was
replaced in the time intervals indicated on the graph and tested for
CPO leakage. Each set was replicated three times and contained
three beads per sample tube. The specific activity of the reference
sample with free CPO in solution was 1436±39 IU/mg.The column
heights represent the mean value and the error bars represent ± one
standard deviation.

enzyme leakage. As the sol-gel material matured and more
connections formed within the silica mesh, enzyme leakage
declined.

Table 2 contains the results of the activity measurements
with the CPO sol-gel beads and summarizes the cumulative
leakage over the first six days. The activity measurements
were performed with CPO sol-gel beads that were seven days
old. Each assay comprised 0.1M citric acid-0.2M dibasic
sodium phosphate buffer, pH 4.2, 2.7mM H

2
O
2
, and 35mM

pyrogallol. The CPO sol-gel beads with the highest CPO
loading of 40 𝜇g CPO per mL sol-gel yielded the highest
absolute activity values of 249 ± 33mIU. A comparison
among specific activity values reported per mg of initially
loaded CPO, however, clearly showed that the CPO sol-gel
beads with a lower enzyme content of 8 or 4𝜇g/mL perfor-
med better. At a higher loading of CPO,more CPOmolecules
might be obstructed by either other enzyme molecules or
the silica nanostructure. Also, some of these CPO molecules
might be entrapped in closed pores.

Another set of three tubes each containing three beads
loaded with 4𝜇g/mL CPO was aged for one week and tested
for reusability (see Figure 3). The CPO sol-gel beads can be
reused up to three times in a convenient manner by replacing
the liquid phase composed of buffer and product molecules
with new buffer and substrate. However, a further decline in
catalytic performance was apparent. We also noticed that all
CPO sol-gel beads adopted the yellow-orange color of the
product purpurogallin after the first use. Gentle washing with
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Table 2: Catalytic performance of sol-gel beads loaded with different CPO amounts.

CPO loading of sol-gel beads (𝜇g/mL) 40 8 4
Activity (mIU)∗ 249 ± 33 138 ± 18 76 ± 4
Specific activity (IU/mg)∗ 41 ± 6 115 ± 15 127 ± 6
Relative activity compared to free CPO (%)# 2.9 8.0 8.80
Cumulative leakage for six days (%)† 15 12 7
∗Absolute activity values in mIU (×10−3 International Units) and specific activity values per mg initially loaded CPO are presented as mean values ± one
standard deviation. All sample sets were prepared in triplicate. #The relative activity was based on a reference assay with free CPO in solution. The reference
value was 1436 ± 39 IU/mg. †The cumulative leakage over six days of maturation corresponds to the summation of the leakage data shown in Figure 2.
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Figure 3: Reusability test for CPO sol-gel beads loaded with
4 𝜇g/mL CPO.Three sets, each with three beads per tube, were used
in this test. The column heights represent the mean specific activity
value and the error bars represent± one standard deviation.The first
measurement was taken after the beads were aged for one week with
daily buffer exchanges. The number of days that passed before the
next reuse is listed on the 𝑥-axis.

the storage buffer diminished the coloration only slightly.
Thus, clogging of the sol-gel nanostructure with product
molecules was one factor that hampered the reusability of the
CPO sol-gel beads. Furthermore, the peroxidation reactions
catalyzed by CPO are prone to substrate inhibition (see
Figure 1). Trapped pyrogallol and H

2
O
2
molecules could

therefore interfere with effective reuse. Jung and Hartmann
demonstrated that in situ generation of hydrogen peroxide
via coimmobilization of glucose oxidase can improve the
reusability of cross-linked CPO molecules entrapped in
mesoporous molecular sieves [30].

The specific activity of three independently prepared sets
of sol-gel beads all containing ∼4 𝜇g/mL CPO was different:
70 ± 15 IU/mg (Figure 1), 127 ± 6 IU/mg (Table 2), and
171 ± 14 IU/mg (Figure 3). The CPO sol-gel materials used
for generating the data presented in Table 2 and Figure 3
were prepared from the same CPO vial with a free CPO
reference value of 1436 ± 39 IU/mg. The reference value for
the first CPO vial was only 1280 ± 80 IU/mg. However, many
other experimental parameters, such as the exact sol-gel
composition, the quality of all starting materials, humidity,
temperature, and duration of sol-gel drying phase, can also
influence the properties of the final sol-gel material. There-
fore, all CPO sol-gel beads that are compared within one
table or graph were prepared on the same day with the same
reagent batches in parallel.

3.3.Modification of Sol-Gel Procedure with respect toMethanol
Release. Next, we tested whether minor modifications in the
sol-gel procedure that influence the retention of methanol
released from the sol-gel precursor TMOS would result in
any significant changes. On the same day, three different
sets of CPO sol-gel beads all containing 4 𝜇g/mL CPO were
prepared in triplicate.The first set was prepared with a proce-
dure that facilitates methanol release by using an open vessel
while sonicating the sol solution and performing daily buffer
exchanges during the first week of sol-gel maturation. The
second and third sets were prepared using a closed sonication
vessel and no buffer exchange was performed for the third
set. Despite these modifications, all three sets prepared on
the same day yielded virtually identical specific activity values
of 167 ± 18 IU/mg, 164 ± 10 IU/mg, and 178 ± 21 IU/mg,
respectively. A more vigorous procedure presented by Ferrer
et al. [31] involves rotavaporization of the sol solution prior to
addition of the buffered enzyme solution. In our laboratory,
this method was not successful as sol solidification started to
set in too rapidly to achieve consistent gelation.

Overall, the catalytic performance of the best set of sol-
gel beads was only 12.5±1.5% in comparison to the reference
assay with free CPO in solution. Possible reasons for the
decline in catalytic performance upon entrapment include (1)
loss of enzyme due to leakage from the sol-gel matrix, (2)
damage to the enzyme caused by the entrapment procedure,
or (3) hindered substrate or product diffusion within the sol-
gel nanostructure. As mentioned above, enzyme leakage did
occur, but it can only account for a small loss of approximately
10%. In the experiments described below, we tested for the
two remaining possible reasons for the decline in catalytic
performance of the sol-gel entrappedCPOand also examined
the effect of methanol on CPO.

3.4. CD and UV/VIS Spectroscopy with Sol-Gel Entrapped
CPO. To monitor possible enzyme damage, we exploited the
fact that sol-gels prepared from TMOS are transparent. Cir-
cular dichroism and visible absorbance spectra of free CPO
in solution and CPO in sol-gel entrapped form are shown in
Figures 4 and 5, respectively. The spectra of free CPO and
sol-gel entrapped CPO are virtually identical to each other.
Minor changes in intensity of the spectroscopic signals are
most likely due to scattering effects from the sol-gel surface
or the shrinkage of the sol-gel material during thematuration
process. Shrinkage slightly raises the concentration of the
sample but also decreases the spectroscopic path length. The
CD spectra are typical for a protein with high alpha helical
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Figure 4: CD spectra of sol-gel entrapped CPO (black squares)
and free CPO (white squares). The CPO concentration was 7𝜇M
in the silica sol-gel sheet of ∼1mm thickness. The solution sample
containing 7 𝜇M CPO in 2mM sodium phosphate buffer, pH 7.0,
was measured in a cuvette of 1mm path length.
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Figure 5: Absorbance spectra of sol-gel entrapped CPO (solid line)
and free CPO (dashed line). The silica sol-gel sheet was ∼1mm
thick and contained 1.6mg/mL CPO. The sheet was placed on
the wall of a 10mm wide plastic cuvette and immersed in 50mM
potassium phosphate buffer, pH 6.0. The solution reference sample
was prepared from the same CPO stock via dilution to 0.16mg/mL
(4 𝜇M) with 50mM potassium phosphate buffer, pH 6.0 in a 10mm
thick plastic cuvette.

content. This finding agrees with the X-ray protein structure
of CPO [32] and previously determined CD data [15, 33].

The visible absorbance spectra shown in Figure 5 are
typical for the active form of CPO with a five-coordinate
iron center in the heme chromophore [34]. As the pH value
increases above pH 7.0, CPO is inactivated, the iron center
in the heme group becomes six-coordinate, and the Soret
band shifts to a longer wavelength [34]. This spectroscopic
transition can also be observed in CPO sol-gel sheets despite
the entrapment of the enzyme inside the silica matrix.
Figure 6 displays the absorption spectra of CPO sol-gel
sheets immersed in 0.5M phosphate buffers at pH values of
6.0, 8.0, and 10.0. In comparison to solution spectra, more
alkaline conditions are necessary to achieve the Soret peak
characteristic for sixfold coordinated heme iron centers. It is
conceivable that the silanol groups in the sol-gel impose an
additional buffering effect. According toDunn and Zink [35],
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Figure 6: Absorbance spectra of sol-gel entrapped CPO immersed
in 0.5M potassium phosphate buffer with pH values of 6.0 (solid
line), 8.0 (dashed line), and 10.0 (dotted line).The silica sol-gel sheets
of 1mm thickness loaded with 1.6mg/mL CPO were placed on the
wall of plastic cuvette with a path length of 10mm.

the pH can be up to one pH unit lower inside a sol-gel pore
than in the surrounding aqueous buffer.

The low apparent 𝑘cat values for sol-gel entrapped CPO
(see Table 1) indicate that a significant number of entrapped
CPO molecules were unable to catalyze the peroxidation of
pyrogallol in an effective manner. CD and visible absorption
spectra, however, did not indicate any enzyme damage. It
should be noted that both spectroscopic methods can only
address specific features of the enzyme.These features are the
overall secondary structure of the protein, the electronic con-
figuration of the active site chromophore, and the ability to
rearrange the coordination sphere of the heme iron center in
response to an external change in pH value.

3.5. Influence of Methanol on the Spectroscopic Features and
Activity of Free CPO. Methanol is released from the sol-gel
precursor TMOS. If we assume complete hydrolysis of TMOS
and no evaporation of methanol, the protein is exposed to
a methanol concentration of 11% v/v as the buffered enzyme
solution and the sol are mixed and pipetted onto the parafilm
for gelation and drying. The transfer into storage buffer
and the subsequent exchange of buffer drastically lower the
methanol content during the maturation phase of the sol-gel.
After the first buffer exchange, the methanol concentration is
only 0.03% v/v.

To study the influence of methanol on the spectroscopic
features of CPO, the enzyme was incubated with 11% v/v
methanol andUV/VIS andCD spectrawere recorded.Wedid
not detect a change in the spectroscopic features of the CD
spectra after several hours of incubation (data not shown),
but methanol exposure did have a small and immediate effect
on UV/VIS absorption spectra (see Figure 7).The absorption
maximum of the Soret band shifted from 396 nm to 400 nm.
Notably, this shift was reversible via dialysis. The methanol
removal caused a 1.3-fold increase in sample volume. We
adjusted the corresponding spectroscopic trace in Figure 7
for this dilution effect.
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Figure 7: Absorption spectra of 9𝜇M CPO in 0.1M citrate-0.2M
phosphate buffer, pH 4.2 (solid line), in 11% v/v methanol and
0.1M citrate-0.2M phosphate buffer, pH 4.2 (dashed line), dialyzed
sample (grey solid line), and dialyzed sample adjusted for 1.3-fold
volume increase (grey dotted line).

In agreement with previous studies [36], we observed a
drastic decline in CPO’s catalytic performance after incuba-
tion of CPO with organic solvents. Compared to an aqueous
reference sample without methanol, only 57% residual activ-
ity was detected after incubation with 11% v/v methanol for
2 hours. After one day, the residual activity still remained
at 57%. We further discovered that the detrimental effect of
methanol was reversible. Up to 96% of the sample’s initial
activity was recovered after dialysis. Sample dilution also
resulted in the enzyme’s recovery. Decreasing the methanol
content to 5% or 1% v/v via sample dilution resulted in 90%
and 100% relative activity in comparison to identically diluted
samples from the same CPO batch that were not exposed to
methanol. Our finding that damage caused by methanol was
reversible in solution has implications for other studies on the
use of CPO in organic solvents or in biphasic solvent systems
[36, 37]. Several CPO substrates which can be converted
into products of industrial interest have high solubility in
nonpolar organic solvents [8].

Also, if any initial damage caused by methanol exposure
was also reversible for sol-gel entrapped CPO, immediate
reduction in methanol content via evaporation of methanol
from the sol solution or daily buffer exchanges during the
gel maturation phase would not critically alter the final
performance of the CPO sol-gel beads. This might explain
why the three different, but parallel, preparations outlined
in Section 3.3 resulted in virtually identical performance for
the three different CPO sol-gel bead sets. On the other
hand, manifestation of unrecoverable enzyme damage would
explain the low apparent 𝑘cat values determined for sol-gel
entrapped CPO (see Table 1). It is conceivable that recovery
from damage caused by methanol exposure is less effective
for CPO molecules entrapped within the silica sol-gel host
compared to free CPO in solution.

3.6. HinderedMaterial Transport in CPO Sol-Gel Beads. After
their first use, all CPO sol-gel beads adopted a persistent
yellow coloration indicating the entrapment of the product
purpurogallin. Attractive intermolecular forces and physical

constraints both can delay the release of product molecules
from the silica nanostructure. If product release becomes
rate-limiting, the apparent 𝑘cat value decreases as observed
in the enzyme kinetic analysis. Hindered substrate diffusion,
however, was not supported by enzyme kinetic experiments
as the 𝐾

𝑀
and 𝐾

𝐼
values for the main substrate pyrogallol

were virtually identical for sol-gel entrapped and free CPO
(see Table 1).We cannot explain why pyrogallol and purpuro-
gallin would show different material transport properties
inside the silica nanostructure. Both molecules have similar
functional groups and purpurogallin (MW 220 g/mol) is
only somewhat larger than pyrogallol (MW 116 g/mol). An
alternative explanation would involve side-reactions forming
alternate charged products or the trapping of reactive, colored
intermediates.

The alternative peroxidation substrate 2,2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) is particularly
large (MW 515 g/mol) and the product of the peroxidation
reaction carries a positive charge [24]. Deprotonated silanol
groups on the sol-gel surface can provide negative coun-
tercharges. The catalytic performance of CPO sol-gel beads
dropped from 12.6 ± 3% with the substrate pyrogallol to 9 ±
0.4% with the substrate ABTS relative to the corresponding
assay with free CPO in solution. The CPO sol-gel beads
adopted the green color of the ABTS peroxidation product.
Kadnikova and coworkers observed the formation of several
side products for the peroxidation reaction of ABTS by
horseradish peroxidase in a sol-gel matrix [38]. The perox-
idation reaction with ABTS and possibly other substrates,
including pyrogallol, might therefore be more complex than
in solution.

We further observed that preequilibration of CPO sol-gel
beadswith pyrogallol considerably improved catalytic perfor-
mance. For example, preequilibration with 72mM pyrogallol
for 3 hours in comparison to using 35mM pyrogallol without
preequilibration increased the relative activity from 12.3 to
19.6%.The strategy to preequilibrate enzyme sol-gel materials
with an excess of substrate before adding a cosubstrate was
already successfully applied by Smith and coworkers [23] in
their study on sol-gel encapsulated horseradish peroxidase.
Based on the data presented in Figure 1(a), however, wewould
not expect an increase in catalytic performance for sol-gel
entrapped CPO as the pyrogallol concentration is raised from
35 to 72mM. In fact, substrate inhibition should slightly lower
the activity of CPO.Adsorption of pyrogallolmolecules to the
sol-gel surface or physical entrapment could further enhance
the local effective concentration of pyrogallol around the
enzyme. One key difference between the experiment leading
to Figure 1(a) and the preequilibration experiment is the
timing of adding the cosubstrate H

2
O
2
. Manoj et al. [29]

argue that substrate inhibition of CPO is not simply caused
by blocking the active site of the enzymewith excess substrate
molecules. Instead they propose more complex substrate
inhibition mechanisms that involve secondary conversion
of an already formed product or competition by transient
intermediates leading to alternate products. Both substrate
inhibition scenarios require the immediate presence of the
cosubstrate H

2
O
2
.
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Table 3: Properties of CPO sol-gel beads prepared with different casting buffers.

pH of casting buffer 4.5 5.5 6.5
BET surface area (m2/g) 710 ± 40∗ 740 ± 60 470 ± 40
Total pore volume (cm3/g) 0.58 ± 0.02 0.60 ± 0.06 0.32 ± 0.04
Average pore diameter (nm) 3.3 ± 0.3 3.2 ± 0.1 2.7 ± 0.1
Activity (mIU) 251 ± 2 242 ± 29 161 ± 13
Specific activity (IU/mg) 157 ± 1 151 ± 18 100 ± 8
Activity compared to free CPO (%)# 18 17 11
Cumulative leakage (%)† 13 14 9
∗All data are presented as mean values ± one standard deviation of triplicate data sets. #The relative activity was based on a reference assay with free CPO in
solution yielding 887 ± 31 IU/mg. †The cumulative leakage over ten days of maturation corresponds to the summation of the leakage data shown in Figure 8.

3.7. Modification of Sol-Gel Procedure Using MTMS. To
modify the surface of the sol-gel material, we incorporated
MTMS at molar ratios of 5, 20, and 40% in the sol solution.
The addition of MTMS will introduce nonpolar methyl
groups rendering the surface of the silica nanostructuremore
hydrophobic [39]. The casting buffer had a pH value of 6.0
and the total CPO loading was 4 𝜇g/mL. The addition of
MTMS resulted in longer gelation times, for example, up to
240 minutes for a molar ratio of 40% MTMS. Unfortunately,
the beads prepared with MTMS were more brittle and fragile
than any of the other CPO sol-gel beads prepared in this
study. The brittleness of the beads rendered their handling
more challenging. Regardless of the amount of incorporated
MTMS, the activity was approximately 14 ± 1% compared
to a solution reference assay. The cumulative leakage often
exceeded 20%.We cannot rule out that the physical instability
of the beads during and after a buffer exchange might have
contributed to higher apparent leakage and higher apparent
activity values. In contrast to other enzymes, notably lipase,
which showed interfacial activation and performed better
insidemore hydrophobic nanostructures [40], the incorpora-
tion of MTMS into the CPO sol-gel material did not improve
catalytic performance in a systematic manner.

3.8. Modification of Sol-Gel Procedure Using More Acidic
Casting Buffers. The enzyme CPO is stable under acidic
conditions [24]. We exploited this CPO specific property and
prepared CPO sol-gel beads using casting buffers with pH
values of 4.5, 5.5, and 6.5. All sample preparations were con-
ducted in parallel with the same batches of CPO, TMOS, and
buffer reagents. The gelation time increased with more acidic
casting buffers, but the sol-gel beads remained easy to handle
and transparent.TheCPO loadingwas 4 𝜇g/mL. All CPO sol-
gel preparations were divided into two portions. One portion
was used for porosimetry studies and the other portion was
used for leakage and activity measurements (see Table 3).
The properties of CPO sol-gel beads cast at pH 4.5 and 5.5
are virtually identical, but the CPO sol-gel beads cast at pH
6.5 show significantly lower values in all categories. This
indicates a change in thematrix formation of the sol-gel as the
casting pHdrops to or below pH5.5. Overall, the porosimetry
data is positively correlated with catalytic performance and,
unfortunately, leakage. All three porosimetric properties,
including larger average pore size, BET surface area, and pore
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Figure 8: The storage buffer of CPO sol-gel beads prepared with
casting buffers at pH 4.5 (dark grey bars), 5.5 (grey bars), and 6.5
(light grey bars) was exchanged on a daily basis and monitored for
CPO activity. All samples were prepared in triplicate with eight CPO
sol-gel beads per sample tube. The bar height represents the mean
value and the error bar ± one standard deviation.

volume, indicate reduced steric hindrance for material trans-
port inside the sol-gel nanostructure. As a consequence,
catalytic performance increased. Smaller average pore sizes,
on the other hand, can aid in the retention of CPO.

The dimensions of the protein CPO are 5.3 nm × 4.6 nm
× 6.0 nm [19]. The average pore diameters of approximately
3 nm are only slightly smaller than the size of CPO. Never-
theless, CPO remainedwell entrapped after completion of the
sol-gel maturation phase. Attractive electrostatic forces did
not most likely aid in the retention of CPO as the storage
buffer had a pH value of 4.2 which is close to the isoelectric
point of CPO. The isoelectric point of CPO from C. fumago
was calculated to be approximately 4.0 [18, 21]. Isoelectric
focusing experiments on CPO from Pseudomonas pyrrocinia
yielded an isoelectric point of 4.1 [41]. For all buffer condi-
tions employed in our study, the net charge on the surface
of CPO is therefore either close to zero or negative.

Our observation that more acidic casting buffers result in
greater porosimetry of sol-gels agrees well with several previ-
ous studies [42, 43]. However, not all enzymes will respond
well to the use of more acidic casting conditions. Notably,
enzymes have different pH profiles and some enzymes
are inactive under acidic conditions. Sol-gel entrapped
cholinesterase, for example, showed better performance
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in silica nanostructures prepared at pH values of 7.0 and 8.0
and then 6.0 [44].

4. Conclusion

The enzyme CPO was successfully entrapped inside a silica
nanostructure prepared from the precursor TMOS with or
without addition of the hydrophobic modifier MTMS. Since
CPO is stabile in acidic buffers, we further modified the sol-
gel procedure by using casting buffers with pH values of 4.5,
5.5, 6.0, and 6.5.The catalytic performance of optimized CPO
sol-gel beads approached 18% relative to free CPO in solution
as assessed via the pyrogallol peroxidation assay. A combi-
nation of factors, such as enzyme leakage from the sol-gel
host, insufficient recovery from inactivation caused by initial
methanol exposure, hindered product release, or alternate
reaction pathways, are most likely responsible for the decline
in catalytic performance of CPOafter sol-gel entrapment.The
use of more acidic casting buffers in the sol-gel procedure
provided themost leverage for optimization by yieldingmore
porous silica nanostructures. Overall, our findings are of
importance for the optimization of other sol-gel materials
devised for applications in biosensing or biocatalysis or
designed for the controlled release of bioactive compounds.
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IC lead frame scraps with about 18.01% tin, 34.33% nickel, and 47.66% iron in composition are industrial wastes of IC lead frame
production. The amount of thousand tons of frame scraps in Taiwan each year is treated as scrap irons. Ni-Zn ferrites used in
high frequent inductors and filters are produced from Ni-Zn ferrite powders by pressing and sintering. The amount of several ten
thousand tons of ferrites of Ni

1−𝑋
Zn
𝑋
Fe
2
O
4
in compositions is consumed annually in the whole world. Therefore, these IC lead

frame scraps will be used in this research as raw materials to fabricate magnetic ferrite powders and combined subsequently with
titanium sulfate and urea to produce magnetic photocatalysts by coprecipitation for effective waste utilization.The prepared Ni-Zn
ferrite powder and magnetic photocatalyst (Ni-Zn ferrite/TiO

2
) were characterized by ICP, XRF, XRD, EDX, SEM, SQUID, and

BET. The photocatalytic activity of synthesized magnetic photocatalysts was tested by FBL dye wastewater degradation. TOC and
ADMI measurement for degradation studies were carried out, respectively. Langmuir-Hinshelwood kinetic model of the prepared
magnetic TiO

2
proved available for the treatments. Wastes are transformed to valuable magnetic photocatalysts in this research to

solve the separation problem of wastewater and TiO
2
photocatalysts by magnetic field.

1. Introduction

Wastewaters from textile and dyeing industries are highly col-
ored by various nonbiodegradable dyes which cause serious
environmental problems [1]. Advanced oxidation processes
such as UV/H

2
O
2
[2], ozonation [3–5], Fenton processes [5–

8], ozone/Fenton [9], and TiO
2
and modified TiO

2
[10–17]

are promising alternatives for the mineralization of textile
dyes or other pollutants. Among them, semiconductor TiO

2
’s

simultaneous photocatalytic oxidation and reduction show
significant potential due to being photoreactive, nontoxic,
chemically and biologically inert, photostable, and lower in
cost. Among different advanced oxidation processes (AOPs),
a brand new AOP, sonolysis or hybrid AOP, combined with
sonolysis has drawn increasing attention as it generates
⋅OH free radical through transient cavitation by ultrasound
irradiation [18–20]. Cavitation is essentially the nucleation,
growth, and transient implosive collapse of gas bubbles
driven by ultrasound wave.

The well-known nickel-zinc ferrite is of special techno-
logical significance, particularly at high frequencies, because

of its high resistivity and low eddy current losses. Several
methods are conventionally used for the synthesis of these
nanosized ferrites such as ceramic [21, 22], sol-gel [23, 24],
coprecipitation [25], hydrothermal method [26, 27], citrate
precursor method [28, 29], and autocombustion method [29,
30]. Sonochemical approach is considerably new to synthe-
size ferrite in which ferrite nanoparticles are prepared by
ultrasound irradiation or sonication of the reaction mixture
[31].

Despite existing technologies, separation difficulty of
nanosized TiO

2
particles from treated wastewater still

remains. Fixed-film-TiO
2
systems are undermined due to

immobility while magnetic TiO
2
offers to overcome this

limitation. For example, Chen and Zhao [32] reported a
magnetically separable photocatalyst of TiO

2
/SiO
2
/𝛾-Fe
2
O
3

prepared by solid phase synthesis. The addition of a SiO
2

membrane between the 𝛾-Fe
2
O
3
core and the TiO

2
shell

weakened the adverse effects of 𝛾-Fe
2
O
3
on the photocatalysis

of TiO
2
. Photocatalysts in Chen and Zhao’s article showed

good photocatalytic activity and could be separated from the
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solution with magnetic field. Gao et al. [33] synthesized a
magnetically separated photocatalyst of TiO

2
/𝛾-Fe
2
O
3
by sol-

gel method.The sample sintered at 500∘C displayed the high-
est degradation activity for acridine dye aqueous solution,
with the optimal TiO

2
supporting amount approximating

50%. Fu et al. [34] successfully prepared TiO
2
/NiCuZn ferrite

composite powder as a magnetic photocatalyst. The core
NiCuZn ferrite powder was synthesized with the waste mate-
rial from steel and electroplating industries. TiO

2
nanocrystal

shell was prepared by sol-gel hydrolysis of titanium iso-
propoxide with NiCuZn ferrite powder followed by heat
treatment. In their study, the optimumdosage of themagnetic
photocatalyst was 2.67 g/L to treat methylene blue solution.

Recently we produced MnZn ferrite powders [35], which
are used in power transformers and inductors, from spent
alkali-manganese batteries in order to solve their heavymetal
contamination problem. Comparing with MnZn ferrite, Ni-
Zn ferrite is easier to be prepared. Lower temperature
and no protecting atmosphere are needed during sintering.
Therefore Ni-Zn ferrite was chosen to produce magnetic
photocatalysts from IC lead frame scrap and waste pickling
acid. Both ferrites solve the different heavy metals pollution
problems and transform into useful magnetic photocata-
lysts.

In this research, a simple magnetic photocatalyst prepa-
ration was undertaken. First, Ni-Zn magnetic ferrite powder
was prepared from IC lead frame scraps and ferrous sulfate
containing spent acid solution from steel plants by coprecip-
itation. Then, the magnetic powder was added to a titanium
sulfate solution and the hydroxides of titanium were precipi-
tated at desired pHwith urea solution. After filtration, drying,
and grinding, the precipitates were sintered at 500∘C under
N
2
atmosphere to form the magnetic photocatalyst, Ni-Zn

ferrite/TiO
2
. The degradations of simulated FBL (Everdirect

Supra Turquoise Blue) dye wastewater were carried out by
applying self-prepared magnetic photocatalysts under UVA
irradiation. Also L-H kinetic model was studied.

2. Materials and Methods

2.1. Preparation of Magnetic Ni-Zn Ferrite Powder and Mag-
netic Photocatalyst. Nitric acid was added sequentially to the
small piece of lead frame scraps to dissolve nickel and iron.
When hydrolysis was complete, tins were all precipitated as
Sn(OH)

4
and the filtrate contained Ni+2 and Fe+2 ions. After

detinning and according to the nickel concentration, waste
acids from steel industry containing iron and reagent of zinc
nitrate were added to the solution to adjust the solution
composition as Ni

1−𝑋
Zn
𝑋
Fe
2
O
4
, where 𝑋 is chosen as 0.5.

NaOH solution is then added to adjust the solution pH value
to alkali. Subsequently, all Fe, Ni, and Zn ions in the solution
were transformed into hydroxide forms and suspended in the
solution.The solution was pumped with air to oxidize ferrous
ion and heated for several hours. All hydroxides were reacted
and precipitated from the solution as ferrite powders. Ni-Zn
ferrite powderswere filtered, washed, calcined, and dried.The
designed composition was Ni : Zn : Fe = 0.5 : 0.5 : 2.0 bymoles
and Ni : Zn : Fe = 16.9 : 18.8 : 64.3 by weight percentages or

NiO : ZnO : Fe
2
O
3
= 9.4 : 10.2 : 80.4 byweight. Corresponding

reactions are shown in the following:

5Sn + 4HNO3 + 8H2O → 5Sn (OH)4 + 2N2 (1)

5 (Fe,Ni) + 12HNO3 → 5 (Fe,Ni) (NO3)2 +N2

+ 6H2O
(2)

Ni (NO3)2(aq) + Fe (NO3)3(aq) + Zn (NO3)2(aq)

+ 7NaOH
(aq) → Ni (OH)

2
+ Fe (OH)

3

+ Zn (OH)
2
+ 7NaNO3

(3)

(1 − 𝑋)Ni (OH)
2
+ 2Fe (OH)

3

+ 𝑋Zn (OH)
2
→ Ni

1−𝑋
Zn
𝑋
Fe2O4 + 4H2O

(4)

Experimental treatment with photocatalyst-TiO
2
alone for

dye wastewater is proved to be very efficient. Besides, the
secondary pollution by other advanced treatment methods
can be eliminated. But there still exists the separation problem
of solids (TiO

2
) and liquids (wastewater). Therefore, used

in this study were titanium sulfate, urea, and Ni-Zn ferrite
powder to produce modified titanium dioxide photocatalyst
by coprecipitation.The ratio of Ni-Zn ferrite powder to TiO

2

was 1 : 1 (wt%). Finally magnetic photocatalyst powder was
obtained by filtration, drying, grinding, and calcination at
500∘C. The same procedure was used for the preparation of
TiO
2
except the step of no addition of magnetic Ni-Zn ferrite

powder. Related reactions were

(NH2)2 CO + 3H2O → 2NH4OH + CO2 (5)

Ti (SO4)2 + 4NH4OH → Ti (OH)
4
+ 2 (NH4)2 SO4 (6)

Ti (OH)4 → TiO2 + 2H2O (7)

The characterizations of the prepared Ni-Zn ferrite
powders and modified magnetic photocatalysts, Ni-Zn
ferrite/TiO

2
, were investigated by ICP, XRF, XRD, SEM,

SQUID, and BET measurements. TOC and ADMI values
can be applied for the treatment of dye wastewater under
UVA irradiation with the self-prepared TiO

2
and Ni-Zn

ferrite/TiO
2
magnetic photocatalysts.

2.2. Characterization. Thecrystalline structures of bothmag-
netic powder and magnetic photocatalyst were examined by
XRD (X-ray diffractometer, XRD-6000, Shimadzu, Japan).
Their M-H loops were measured by SQUID (supercon-
ducting quantum interference device, MPM57, Quantum
Design, USA). Particle chemical compositions were analyzed
by ICP (ICAP 9000, USA) and XRF (X-ray fluorescence,
XEPOS/XEPO1, Spectro Co., Germany). Their microstruc-
tures were observed by SEM (scanning electron microscopy,
S-3000N, Hitachi, Japan). The specific area was measured by
BET surface area analyzer (Brunauer-Emmett-Teller, Model-
ASAP 2012, Micromeritics, USA).

2.3. Photocatalytic Degradation. Photocatalytic reactions
were carried out by mixing 1 L of FBL dye solution and 5 g
of magnetic Ni-Zn ferrite/TiO

2
photocatalysts inside a 2 L
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Table 1: Analysis of IC lead frame scraps by ICP.

Element Fe Ni Sn
Concentration (ppm) 25325 18246 9571
Wt% 47.66% 34.33% 18.01%

Table 2: Analysis of filtrate after detinning by ICP.

Element Fe Ni
Concentration (ppm) 20364.75 14936.60
Weight % 57.69% 42.31%
Molarity (mole/L) 0.36 0.25

photoreactor with a Teflon agitator under UVA irradiation
for 8 hrs. The structure of the FBL dye was shown in [8].
The initial dye concentrations were COD = 100, 200, 300,
and 400mg/L for each experiment. After photoreaction
and filtration by 0.45 𝜇m MFS, TOC (total organic carbon,
Model 1010, O.I. Analytical, USA) and ADMI color values
(American Dye Manufacturers Institute, Model DR/4000V,
HACH, USA) were measured for each sample. COD was
determined by potassium dichromate titration as described
in Standard Methods [36]. UVA intensities were measured
by a radiometer (Lutron Co., Taiwan) and expressed as
𝐼av (mW/cm2).

3. Results and Discussion

3.1. Characterization of Magnetic Photocatalyst of Ni-Zn
Ferrite/TiO

2
. The compositions of IC lead frame scraps and

filtrate after detinning are shown in Tables 1 and 2, respec-
tively.

XRF analyses of Ni-Zn ferrite powders and Ni-Zn
ferrite/TiO

2
are shown in Table 3. It is clear that the exper-

imental values of magnetic powders from wastes are close to
the quantity of the predetermined value. SEM micrographs
suggest that particles of magnetic Ni-Zn ferrite powders
agglomerate. The particle size is around 0.3 𝜇m by DLS
(dynamic light scattering) analysis [37]. TiO

2
is precipitated

on the surface of the secondary particle and its size is approx-
imately 469.7 nm as shown in Figure 1. EDX diagrams of
Ni-Zn ferrite powders and Ni-Zn ferrite/TiO

2
photocatalyst

indicate the presence of Ni, Zn, Fe, and titanium as shown in
Figure 2. X-ray diffraction patterns of Ni-Zn ferrite powders
and magnetic photocatalysts in Figure 3 reveal the spinel
cubic ferrites and the anatase form of TiO

2
. All peaks in

the pattern match well with the Joint Committee of Powder
Diffraction Standard (JCDDS). A small amount of hematite
also exists in the specimens.The surface area of Ni-Zn ferrite
powder by BET measurement is 17m2/g and that of Ni-Zn
ferrite/TiO

2
rises to 61m2/g, which shows more active sites

for photoreaction.
The self-prepared TiO

2
follows the same coprecipita-

tion without the addition of Ni-Zn ferrite powder and
the corresponding SEM and EDX diagrams are shown in
Figures 4 and 5. The particle size is around 1 𝜇m–4.8 𝜇m and
BET is 116 (m2/g) while BET of commercial TiO

2
(7 nm) is

231 (m2/g).

Figure 1: SEM diagram of Ni-Zn ferrite/TiO
2
(×30000).

3.2. Magnetic Property. Magnetic properties of Ni-Zn ferrite
powders and Ni-Zn ferrite/TiO

2
are presented in Figure 6 as

magnetic hysteresis loops by SQUID.The saturationmagneti-
zation (Ms) ofNi-Zn ferrite powder andNi-Zn ferrite/TiO

2
is

64.43 and 17.05 emu/g and the corresponding coercive forces
(Hc) are 6.13 and 7.66Oe, respectively. Due to the minimal
hysteresis and small Hc, the prepared magnetic materials are
all soft magnetic and the magnetic photocatalysts made up
fromwastes can be recycled by appliedmagnetic field because
of the magnetic property. The small coercivity of the ferrite
mainly comes from the soft magnetic properties of the Ni-
Zn ferrite, which has very low crystal and shape anisotropy
constant, and is not due to size effect [38]. The saturation
magnetization of the ferrite (Ni

0.5
Zn
0.5
Fe
2
O
4
) prepared here

is 64.43 emu/g, and the literature values are about 70 emu/g
[39], depending on the preparation conditions.They are quite
comparable.

3.3. Photodegradation. Photodegradations of simulated FBL
dyewastewater at initial CODs of 100, 200, 300, and 400mg/L
under UVA irradiation with self-produced magnetic photo-
catalysts fromwastes are shown in Figures 7 and 8.The degra-
dation efficiencies increase as the pollutant concentrations
decrease. For dilute pollution of FBL dye (COD = 100 ppm),
TOC removal can reach 84.22% and color or ADMI removal
reaches 81.68%. The photodegradations by self-prepared
TiO
2
, commercial TiO

2
, and Ni-Zn ferrite/TiO

2
are also

summarized and compared in Table 4. Ni-Zn ferrite/TiO
2

from wastes is very close to the commercial TiO
2
(20 nm) in

treatment efficiency by treating dilute simulated dyewastewa-
ter.The treatment efficiency of the self-preparedTiO

2
is better

than that of the commercial TiO
2
(20 nm).

3.4. Langmuir-Hinshelwood Kinetic Model (L-H Model). L-H
model can be expressed by the following equation:

𝑟 = −
𝑑𝐶

𝑑𝑡
=
𝑘
𝑟
𝐾𝐶

1 + 𝐾𝐶
=
𝑘
𝑑
𝐶

1 + 𝐾𝐶
, (8)

where 𝑘
𝑟
is the photocatalytic reaction constant [mg/(L-

min)], 𝑘
𝑑
is the apparent degradation rate constant (min−1),

and 𝐶 is the dye concentration, TOC (mg/L). Combining
zero-order and first-order reactions, L-H model becomes
[40]

− ln( 𝐶
𝐶
0

) + 𝐾 (𝐶
0
− 𝐶) = 𝐾

𝑟
𝐾𝑡. (9)
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Table 3: XRF analysis of magnetic materials (Ni0.5Zn0.5Fe2O4 and Ni-Zn ferrite/TiO
2
).

Items Fe
2
O
3
(wt%) NiO (wt%) ZnO (wt%) TiO

2
(wt%)

Ni0.5Zn0.5Fe2O4 (designed value) 80.4 wt% 9.4wt% 10.20wt% —
Ni0.5Zn0.5Fe2O4 (experimental) 79.71 wt% 9.5 wt% 10.78wt% —
Ni -Zn ferrite/TiO

2
(500∘C) (experimental) 28.58 wt% 2.58wt% 3.63wt% 65.22wt%
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Figure 4: SEM images of self-prepared photocatalyst of TiO
2

(×10000).

Let C = 0.715C
0
, t = t
0.715

; the equation becomes

𝑡
0.715
=
0.3354

𝑘
𝑟
𝐾
+
0.285𝐶

0

𝑘
𝑟

. (10)

Plotting t
0.715

against 0.285C
0
brings about a straight line

as shown in Figure 9. From the slope and intercept, kinetic
constants can be calculated.

Constants obtained from L-H model are 𝑘
𝑟
=

3.1614 (mg/Lmin), 𝑘
𝑑
= 0.3212 (min−1), and 𝐾 = (𝑘

𝑑
/𝑘
𝑟
) =

0.1016 (L/mg). The result shows that L-H kinetic model
fits well for the photodegradation of FBL simulated dye
wastewater with the self-prepared Ni-Zn ferrite/TiO

2
.
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Table 4: Ultimate TOC and ADMI removal % of various TiO
2
(COD = 100 ppm, dosage = 5 g) under UVA irradiation (𝐼av = 1.324 W/cm2).

Photocatalyst Ni-Zn ferrite/TiO
2

Self-prepared TiO
2

Commercial TiO
2
(7 nm) Commercial TiO

2
(20 nm)

TOC removal (%) 84.22% 91.71% 95.96% 84.40%
ADMI removal (%) 81.68% 93.04% 97.79% 87.66%
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4. Conclusions

The following conclusions can be drawn:

(1) Magnetic ferrite powder of Ni
0.5

Zn
0.5
Fe
2
O
4
was suc-

cessfully prepared by coprecipitation from industrial
wastes of IC lead frame and waste acids of steel
industry.

(2) Magnetic photocatalyst of Ni-Zn ferrite/TiO
2
was

also successfully fabricated from prepared magnetic
ferrite powder, Ti (SO

4
)
2
, and urea by the same

coprecipitation. By XRD analysis, TiO
2
in magnetic

photocatalyst shows the crystal structure of anatase
form.

(3) By SQUID analysis, the saturationmagnetism (Ms) of
the prepared magnetic photocatalysts is 17.05 emu/g
with the coercive force (Hc) of 7.66Oe, which proves
that the magnetic photocatalyst is soft magnetic
material and can be recycled by magnetic field.
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Figure 7: TOC removal % versus time with Ni-Zn ferrite/TiO
2

(COD|
𝑡=0

= 100–400 ppm) to treat FBL dye (dosage = 5 g/L; 𝐼av =
0.1324mW/cm2).
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= 100–400 ppm) to treat FBL dye (dosage = 5 g/L; 𝐼av =
0.1324mW/cm2).

(4) The degradation of FBL dye shows that TOC and
ADMI removal efficiencies are quite close for the
prepared Ni-Zn ferrite/TiO

2
and the commercial

20 (nm) TiO
2
. The magnetic photocatalysts can solve

the separation problem betweenwastewater and TiO
2

photocatalysts by magnetic field.
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2
.

(5) L-H kinetic model fits well for the self-prepared
magnetic photocatalysts of Ni-Zn ferrite/TiO

2
, which

can be used successfully in AOP.
(6) Quite consequential is the transformation of haz-

ardous wastes to valuable magnetic ferrite powders
and magnetic photocatalysts and the processes stud-
ied not only recycle wastes to solve the global pollu-
tion problem but also tell the possibility of turning
profits.
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Titania nanoparticles were successfully supported on carbon-covered alumina (CCA) supports via the impregnation method to
form carbon-covered alumna titania (CCA/TiO

2
). The CCA supports were synthesised through an equilibrium adsorption of

toluene 2,4-diisocyante where the N=C=O irreversibly adsorbs on the alumina and pyrolysis at 700∘C affords CCA supports.These
CCA/TiO

2
nanocatalysts were tested for their photocatalytic activity both under UV and visible light using Rhodamine B as a

model pollutant. The reaction rate constant of the CCA/TiO
2
was found to be higher than that of unsupported titania and the

reaction kinetics were found to follow an apparent first-order rate law.The CCA/TiO
2
nanocatalysts had a much larger surface area

than the unsupported titania and they exhibited overall higher photodegradation efficiency under both UV and visible light than
unsupported TiO

2
.

1. Introduction

Theability of photocatalysts tomineralisemost organic pollu-
tants to water and carbon dioxide as a low-cost advanced oxi-
dation technology (AOT) has attracted interest for decades
[1–4]. TiO

2
induced photocatalysis for the treatment of con-

taminated air and water is a well-established AOT technique
[5–8] because of its high photoactivity, chemical and biologi-
cal inertness, and commercial availability [1, 5, 9, 10].The tita-
nia semiconductor absorbs a photon (ℎ]) with energy equal
to or higher than its band gap of 3.2 eV resulting in the excita-
tion of electrons from the valence band into the conduction
band, leaving excited holes behind in the conduction band
and creating positive holes in the valence band [6, 11–16].
Generally the hole oxidises water or OH groups in the titania
lattice to produce ∙OH radicals which initiate the oxidation
of the organics.

However, titania has a large band gap (3.2 eV) that can
only absorb about 2% to 3% visible light; thus a number of
ways have been attempted to shift its band gap to the visible-
light region.Themodifications towards visible-light degrada-
tion by TiO

2
include metal ion doping [5, 17–21], anion dop-

ing [22–24], binary oxides [25, 26], and dye sensitizers [27,
28]. Another phenomenon that has been studied to enhance
visible-light photoreactivity includes size [29, 30] and shape
tailoring [31–34].

Carbon in its various forms has been used to synthesise
visible-light active TiO

2
. These include carbon-covered tita-

nia [1], titania mounted on graphite [35], and nanotubes
[36, 37] as well as activated carbon [8, 16, 38]. The advantage
of carbon-titania composites is that the carbon does not only
expand the absorption band to include visible light, it also
suppresses phase transformations even at higher tempera-
tures. Lin and coworkers [1] have reported on the successful
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synthesis of carbon-covered titania through pyrolysis of
sucrose over titania and its superior visible-light activity.

In this work we report on the photocatalytic activity of
carbon-covered alumina supported titania in the degradation
of Rhodamine B. Supports play an important role in deter-
mining the nature and extent of the catalytic activity of a cat-
alyst. Carbon-covered alumina supported catalysts have been
mostly used as supports for hydrotreating catalysts [39, 40]
and ammonia synthesis [41, 42] but not for environmental
remediation. The CCA/TiO

2
nanocatalysts show enhanced

visible-light degradation (higher activity) than under UV
light illumination of Rhodamine B. It is worth mentioning
that the presence of carbon on the CCA support greatly
increases the surface area of the CCA/TiO

2
catalysts and

shifts the absorption edge of titania to the visible-light region
resulting in visible-light degradation of Rhodamine B.

2. Experimental

2.1.Materials and Reagents. Thematerials used in this research
study were purchased from suppliers and used without fur-
ther purification. Only AR grade 𝑛-propanol which was
obtained from SD’s Fine Chemicals (Pty) Ltd was distilled
before usage.

2.1.1. Synthesis of TiO
2
. Anatase-rich titania nanocatalysts

were synthesised through the hydrolysis of TTIP through an
esterification reaction between formic acid and propanol [10].
This method is reported in our previous works [43–45].

2.1.2. Synthesis of Carbon Covered Alumina Supports. CCA
supports were synthesised by modification of an equilibrium
adsorption method [46]. The detailed procedure for the
modified procedure is reported elsewhere [45].

2.1.3. Impregnation Experiments. The TIO
2
catalysts were

then supported on the CCA catalysts using a simple impreg-
nation method. This impregnation technique is described
in detail in our previous research work [45]. To study the
catalytic efficiency of the supported CCA catalysts, photocat-
alytic degradation studies were done under visible light.

2.1.4. Photocatalytic Degradation Experiments. To study the
degradation and the kinetics of Rhodamine B by the titania
photocatalysts, a Newport 9600 Full Spectrum Solar Simula-
tor equipped with 150W ozone-free xenon lamp was used,
which produces a collimated beam of 33mm diameter, an
equivalent of 1.3 suns. For the purposes of this study, the dis-
tance between the solar simulator and the experimental setup
was set such that the beam power was equivalent to 1 sun. UV
light filter GG450 was used to ensure that the photocatalytic
degradation experienced is only due to visible light irradia-
tion. The photocatalytic activity of these nanophotocatalysts
was studied using 100mL (10mg⋅L−1) Rhodamine B.The visi-
ble light (solar) irradiation lamp was placed at about a
10 cm distance away from the reactant solution. The CCA-
supported titania nanoparticles (100mg nanoparticles per
100mL of 10mg⋅L−1 dye) were used in suspension to deter-
mine the photoactivity of the nanoparticles.The solution was

stirred with a magnetic stirrer for 1 h prior to irradiation with
the solar light to establish an adsorption-desorption equilib-
rium between the dye and the catalyst surface. Aliquots of
2mL were extracted from the reaction chamber at 30min
intervals to study the extent of the degradation. The entire
photo-reactor setup was set inside a 1m × 70 cm wooden box
and the experiment was carried in a dark room. The setup
was the same for the free (unsupported) titania nanocatalysts
and a UV light source was used for UV light degradation
experiments.

Prior to the photodegradation experiments, Rhodamine
B solution (without catalyst) was irradiated with the solar
light (photolysis) for a maximum period of 5 h to establish
whether there was any degradation due to the solar light
alone. A U Shimadzu UV-2450 UV-Vis spectrophotometer
was used to determine the extent of photodegradation of
Rhodamine B. After the irradiation process had been estab-
lished, the kinetics of the photodegradation was studied. The
apparent rate constant allows for the determination of pho-
tocatalytic activity independent of the previous adsorption
period and the concentration of the Rhodamine B remaining
in the solution [47].The apparent first-order kinetic equation
− ln(𝐶

𝑡
/𝐶
0
) = 𝐾app𝑡, where𝐾app is the apparent rate constant,

𝐶
𝑡
is the solution phase concentration, and 𝐶

0
is the concen-

tration at 𝑡 = 0, was used to fit the experimental data [48].

2.2. Characterization

2.2.1. UV-Vis Diffuse Reflectance Spectra. A Shimadzu UV-
2450 UV-Vis spectrophotometer was used to record the UV-
Vis diffuse reflectance spectra of the CCA-supported and free
TiO
2
nanocatalysts using BaSO

4
as a reference sample. These

were recorded in the range of 𝜆 = 300 nm to 800 nm, at room
temperature and in air.This was done to ascertain the effect of
the support on the band gap (𝐸

𝑔
) of the titania nanoparticles.

The equation 𝐸
𝑔
= ℎ(𝑐/𝜆)was used where 𝐸

𝑔
is the band gap,

ℎ is Planck’s constant, 𝑐 is the speed of light (m⋅s−1), and 𝜆 is
thewavelength (nm). A tangent of the plot of ℎ] versus (𝛼ℎ])2
gives an estimate of the band gap where 𝛼 is the absorbance
and ] is the wave number.

2.2.2. BET Surface Area Studies. The surface area (𝑆BET),
pore volume, and pore-size distributions of the synthesised
CCA-supported catalysts were studied using a Micromeritics
ASAP 2020 Surface Area and Porosity Analyzer. The samples
were degassed in nitrogen under vacuum for 24 h at 200∘C
prior to determination of the surface area. Surface area is an
important parameter when studying the catalytic efficiency of
the nanocatalysts embedded on CCA supports (CCA/TiO

2
)

since a high surface areameansmore active sites for extensive
catalysis.

2.2.3. SEM and TEM Studies. A JEOL J2100 F transmission
electron microscope (TEM) was used to study the micro-
structure of the nanocatalysts. The sample powders were
dispersed in ethanol and sonicated for 10min before analysis.
A drop of the suspension was then placed on a carbon coated
copper grid and dried in air prior to visualisation. To analyse
and visualise the surface morphology of the nanocatalysts,
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Table 1: Comparison of photodegradation efficiencies of Rhodamine B by free and CCA/TiO2 under UV and visible-light illumination.

Light source Catalyst Degradation efficiency (%) Time taken (min)
Visible light Photolysis (no catalyst) 4 270
Visible light Unsupported TiO2 20 270
Visible light CCA-supported TiO2 100 180
UV-visible light Unsupported TiO2 100 270
UV-visible light CCA-supported TiO2 100 240

a quanta FEI-SIRION scanning electron microscope (SEM)
was used. For SEM analysis, the powder samples were placed
on a carbon tape and analysed without gold coating.

3. Results and Discussions

3.1. Degradation Process. The photodegradation process of
Rhodamine B can be summarised in (1) to (3) when disre-
garding the role of the electrons (e−) which is in the oxidation
of metal ions. The titania nanocatalysts absorb a photon (ℎ])
resulting in the excitation of an electron (e−) from the valence
band (VB) to the conduction band (CB) leaving an electron
vacancy or a hole (h+) in the valence band (1). The holes
then migrate to the surface of the titania where they react
with surface hydroxyl groups in the TiO

2
lattice or water to

produce hydroxyl radicals (2):

TiO
2
+ ℎ] → h+ + e− (1)

h+ + TiO
2
→ TiO

2
+OH∙ (2)

OH∙ + RhB → Degraded products (3)

The hydroxyl radicals then react with the Rhodamine B pro-
ducing intermediates, carbon dioxide, water, and inorganic
ions (3).

3.2. Degradation Studies. Figure 1 shows the UV spectra of
Rhodamine B with its peak maximum at 554 nm. It also
shows the disappearance of the peak after illumination with
either UV or visible light in the presence of different titania
catalysts. For the photodegradation studies, the dye was
illuminated with visible light in the absence of the catalyst to
determine the extent of degradation under visible light since
Rhodamine B has been reported to absorb light which is in
the range of 400 nm to 600 nm [26, 28]. The results obtained
showed that photolysis, on average, degraded about 4% of
the Rhodamine B. The mixture was stirred in the dark for an
hour to reach equilibrium between the catalyst and the dye
before illumination with either the UV or visible light and
the concentration was monitored. It was found that there was
only about 2% adsorption of the dye on the catalysts when
equilibrium was reached.

3.2.1. UV Light Degradation of Rhodamine B. Photodegrada-
tion of Rhodamine B was tested using the different catalysts
under UV light irradiation. As shown in Table 1, both the
CCA/TiO

2
and the free titania nanocatalysts achieved com-

plete degradation after 270min.The linear transform curve of
the photodegradation of Rhodamine B (Figure 2) shows that
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Figure 1: Graph showing absorbance of Rhodamine B before and
after illumination with visible light.

the CCA/TiO
2
nanocatalysts had an apparent rate constant

(𝐾app) of 0.0215min−1 and the free TiO
2
nanocatalysts had a

𝐾app value of 0.0167min−1. From these results the CCA/TiO
2

nanocatalysts show a higher reaction rate than the free
anatase titania.

3.2.2. Visible Light Degradation of Rhodamine B. The degra-
dation of Rhodamine Bwas also tested under visible light illu-
mination.The results obtained (Table 1) show that CCA/TiO

2

nanocatalysts were photocatalytically active under visible
light. While the unsupported titania could only degrade
about 20% of Rhodamine B in 270min with an apparent
rate constant of 0.000832min−1, theCCA/TiO

2
nanocatalysts

completely degraded the dye within 180min and a high
apparent rate of 0.0294min−1.

From the results obtained, the CCA/TiO
2
nanocatalysts

exhibited superior photocatalytic activity compared to the
unsupported titania both under UV and visible-light illu-
mination. This could be a result of the modification of the
surface area of the titania catalysts by the carbon-covered
alumina supports. Also, this showed that CCAs are good sup-
ports for titania nanocatalysts as they result in an enhanced
photocatalytic activity. The presence of carbon could be
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Figure 2: Linear transform graph of degradation of Rhodamine B
by free titania CCA/TiO

2
under UV and visible-light illumination.
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Figure 3: UV-Vis diffuse spectra of TiO
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lysts.

responsible for perturbing the transmission of both UV and
visible light to the surface of titania resulting in an increased
photocatalytic activity of titania. Furthermore, the presence
of aluminium on the support system could prove efficient in
that it could act as an electron trapper and hence prohibit
or reduce the possibility of electron-hole recombination thus
resulting in an enhanced photocatalytic activity.

3.3. UV-Diffuse Spectra and Band-Gap Studies. To further
study the origin of this enhanced photocatalytic activity, the
UV-diffuse reflectance spectra (Figure 3) of the CCA/TiO

2
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Figure 4: Band-gap studies of TiO
2
and CCA/TiO

2
nanocatalysts.

and free titania were studied. The CCA/TiO
2
spectrum

showed a significant red shift of the band edge from 380 nm
to 416 nm, that is, in the visible range.This shift in the absorp-
tion edge is responsible for the visible-light photocatalytic
activity of the CCA-supported titania.

The data obtained from the UV-Vis diffuse spectra of
the CCA/TiO

2
and free titania were used to indirectly

measure the band gap (Figure 4). The band gap of the free
titania was found to be 3.19 eV which is close to the known
literature value of free anatase titania nanocatalysts. The
CCA-supported catalysts showed a significant decrease in the
band gap from 3.19 eV to 2.82 eV. The decrease by 0.37 eV
is much higher than the decrease of 0.14 eV reported for
carbon-doped titania [1].The presence of aluminamight have
contributed to the decrease in the band gap and subsequently
enhanced the photocatalytic activity.

3.4. BET Surface Area and Pore-Size Distribution Measure-
ments. The nitrogen adsorption-desorption isotherms were
measured in order to understand the influence of supporting
titania nanocatalysts on the CCA (Figures 5 and 6). Figure 5
shows the adsorption-desorption isotherm of pure titania
and the insert graph shows the pore-size distribution graph
of the titania. Figure 6 shows the adsorption-desorption
isotherm of the CCA/TiO

2
with the insert showing the pore-

size distribution graph. Evidence of the occurrence of open
pores in the CCA/TiO

2
is shown by the presence of the hys-

teresis loop. The narrow hysteresis loop observed on the tita-
nia graph is an indication of a uniform pore-size distribution
of the nanoparticles.The CCA/TiO

2
graph on the other hand

shows a wider hysteresis loop, an indication of a wider range
of pore distribution, that is, the presence of titania, carbon,
and alumina pores which play an important role in the
observed enhancement of the photodegradation of Rhoda-
mine B.
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Figure 5:Nitrogen adsorption-desorption isothermof titania nano-
catalysts.

The surface properties of CCA/TiO
2
and free titania,

that is, specific surface area, pore volume, pore size, and
pore-size distribution, were analysed according to the BJH
method (insert graphs in Figures 5 and 6). The free titania
nanoparticles had a surface area of 69.34m2⋅g−1 while the
CCA/TiO

2
nanocatalysts had a surface area of 149m2⋅g−1.

This is an increase of about twice the initial surface area and
this is a result of the creation of new pore structures after the
modification of the CCA support surface. A decrease in the
mean diameter of the pores was also observed, from 35 nm
to 5.41 nm for the titania and the CCA/TiO

2
, respectively.

This is an indication that the titania occupied the inner pores
of the carbon-covered alumina supports, hence the decrease.
The increase in the surface area and decrease in particle
size therefore played an important role in the enhanced
photocatalytic degradation of Rhodamine B shown by the
CCA-supported catalysts.

3.5. SEMandTEMStudies. Thehigh surface area of theCCA/
TiO
2
nanoparticles observed in the BET surface area analysis

was further confirmed by the SEM images (Figure 7). From
the SEMmicrographs the titania nanoparticles appear evenly
distributed on the surface of the carbon-covered alumina
supports.The even distribution of the titania nanocatalysts on
the surface of the CCA support is a result of the titania nano-
catalysts occupying the inner pores of the CCA supports.
This distribution of the TiO

2
nanoparticles therefore results

in the increased surface area exhibited by the CCA/TiO
2

nanocatalysts over the unsupported TiO
2
nanocatalysts.

The TEM images (Figure 8) of the CCA/TiO
2
nanocata-

lysts showed that the nanocatalysts were not only successfully
embedded on the pores of the CCA supports but were also
evenly distributed on the CCA surface. From these TEM
images it can be seen that theTiO

2
nanocatalysts (Figure 8(a))

did not lose their crystallinity upon embedding on the CCA
supports (Figure 8(b)). This was further confirmed by the
electron diffraction (ED) patterns. The ED patterns of
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Figure 6: Nitrogen adsorption-desorption isotherm of the CCA/
TiO
2
nanocatalysts.

the CCA/TiO
2

nanocatalysts show that embedding the
TiO
2
nanocatalysts on the CCA supports did not destroy

their crystal lattice (Figure 8(a)). These ED patterns are
characteristic of the 101 plane of the TiO

2
nanoparticles

(Figure 8).
Both the SEM and the TEM studies revealed that the

physical morphology of the CCA-supported titania nanocat-
alysts played a major role in the photocatalytic degradation
properties of these nanocatalysts. The SEM studies revealed
that the CCA/TiO

2
nanoparticles had a high surface area

while the TEM studies showed that the nanoparticles were
evenly distribted on the surface of the CCA supports and that
they still exhibited high crystallinity (ED patterns).Therefore
the increased surface area and the preserved crystallinity are
responsible for the high photocatalytic activity exhibited by
the CCA/TiO

2
nanocatalysts.

The elemental composition of the synthesized catalyst
and supports was identified using the EDS spectroscopy and
this is shown in Figure 9. The EDS spectrum of the CCA-
TiO
2
nanocatalysts showed the presence of Al, O, C, and Ti

elements. From the EDS we were able to confirm not only the
successful incorporation of carbon on the surface of alumina
but also the successful impregnation of the CCA with the
TiO
2
nanocatalysts.

4. Conclusions

The CCA-supported titania nanocatalysts demonstrated
superior photocatalytic activity compared to the free titania
catalysts both under UV and visible-light illumination. The
presence of theCCA supports resulted in an increased surface
area and decreased the rate of electron-hole recombination
(electron scavengers) hence resulting in an increased pho-
tocatalytic activity. Also, embedding the titania catalysts on
the CCA supports resulted in a sharp decrease in the band
gap of titania thus shifting the absorption edge of titania
towards the visible-light region resulting in an enhanced
visible-light photoactivity of the CCA-supported catalysts.
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Figure 7: SEM images of the CCA/TiO
2
nanocatalysts.

(a) (b)

Figure 8: TEM images of the (a) TiO
2
and (b) CCA/TiO

2
nanocatalysts.
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Figure 9: EDS spectrum of the CCA/TiO
2
nanocatalysts.

Furthermore, the CCA-TiO
2
nanocatalysts had a high surface

area, were evenly distributed on CCA support surface, and
were highly crystalline thus making the CCA supports a
superior support for titania nanocatalysts for environmental
pollution remediation.
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