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ABSTRACT

An investigation was conducted on photocatalytic reduction and physical adsorption of Cd
(II) in titania PVA-alginate beads. In order to determine the kinetics of photocatalytic pro-
cess, the influence of the initial concentration was examined in detail. An exact analysis on
the percentage of the initial reduction rate versus time at different initial concentrations of
Cd(II) showed that with an increase in the initial concentration, the rate of substrate conver-
sion reduced. It was also revealed that the beads containing the TiO2 nanoparticles can be
easily isolated from the aqueous solutions after the sorption process and can be reused for
at least six times before it loses its initial properties. The reduction of Cd(II) with titania
PVA-alginate beads fitted the pseudo-second-order kinetic model with a correlation coeffi-
cient (R2) of 0.9993.

Keywords: Photocatalyst; Titania beads; Titanium oxide; Langmuir–Hinshelwood model;
Regeneration

1. Introduction

Pollution of heavy metals in water has received
vast attention because of their toxic effects at low con-
centration. Some of these metals can be accumulated
in tissues of human body and threaten the health
[1,2]. Amongst all, cadmium is known as the most
toxic heavy metal [3]. There are many conventional
methods for removing these pollutants, including ion
exchange, precipitation electrochemical, solvent extrac-
tion, and reverse osmosis that are mostly based on
applications in single systems that consist of either
metal ions or organic solutes [4]. It should be noted

that the traditional separation techniques suffer from
many disadvantages, for instance, producing sludge
leading to high-disposal costs, possibly generating sec-
ondary toxic compounds, and high cost [5,6]. Due to
the flexible design and operation offered by the
adsorption process, adsorption has been known as one
of the most efficient and popular methods for remov-
ing the above-mentioned pollutants from wastewaters
[7,8].

Titanium dioxide is known to be the most effective
heterogeneous photocatalyst to reduce and oxidize the
organic and inorganic substrates in photocatalysis pro-
cess [9–11]. Heterogeneous photocatalysis (HP) with
TiO2 and UV light is known as a growing technology
that can be applied to remove or transform a number*Corresponding author.
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of pollutants through some reductive or oxidative
mechanisms [12]. This process is capable of removing
rapidly the toxic organics as well as microbiological
pollutions. A review on the literature shows that pho-
tocatalytic transformation of metal ions that includes
recovery of valuable metals has been less investigated
compared with other techniques. In this sense, HP can
be potentially applied to eliminate Cd(II) from aque-
ous solutions; although, this process has not received
adequate attention [13].

Removal of cadmium was studied at pH 7 using
TiO2 Degussa as photocatalyst, and either formate or
methanol as hole scavengers [14]. Their result revealed
that in the absence of organic additives, approximately
60% of cadmium (concentration is 30 ppm) was
removed from the solution by adsorption. Some
researchers used thiourea-modified magnetic ion-
imprinted chitosan/TiO2 (MICT) for effective cad-
mium adsorption degradation. They found maximum
adsorption capacity of cadmium was 256.41mg/g
[15]. In another study, the researchers investigated the
use of thiolactic acid (TLA)-modified TiO2 nanoparti-
cles for removal of aqueous cadmium from simulated
wastewaters. The results indicated approximately 90%
of cadmium was removed by both adsorption and
reduction processes onto the TLA-modified TiO2 [9].
Visa et al. [16] presented the results of cadmium
removal on fly ash (FA) with methyl orange-modified
surface and its combinations with TiO2. Adsorption
efficiencies over 95% were registered on 25% TiO2

mixtures with modified FA [16]. In another research,
photocatalysis/hydrogen peroxide processes had been
employed for the removal of cadmium. Results shown
that the optimum efficiencies of Cd(II) removal was
97.7% at pH 11 [17].

In most of the above-mentioned studies, TiO2

nanoparticles have been used either in a film or
powder form. However, in the present study, an
attempt was made to embed TiO2 nanoparticles in
PVA-alginate matrix in a bead form with the inten-
tion of prolonging its lifespan and further, remove
the Cd(II) from the aqueous solution. The ability of
the photocatalyst to be reused is an essential practi-
cal aspect of the cost effectiveness in every related
process. Enhancing the TiO2 reuse ability would
result in a cheaper and environmentally friendly
process.

2. Materials and methods

2.1. Materials

Acetylacetone, Titanium isopropoxide, urea, PVA,
and alginate were purchased from Sigma–Aldrich.

Cd(II) solution and ethanol were purchased from
Merck.

2.2. Methods

2.2.1. TiO2 powder synthesis

Two milliliter titanium isopropoxide and 2ml
acetylacetone were initially mixed and vigorously stir-
red and then added to 40ml ethanol solution at room
temperature. Then, this mixture and urea solution (0.5
g of urea added to 10ml DI water) were added drop
wise in to 40ml DI water, stirring continuously at
room temperature. The resultant mixture was pale
yellow with a pH value of 5.6. This mixture was stir-
red vigorously for one hour. Then, the mixture was
transferred into a 120ml teflon-lined stainless steel
autoclave that was heated at 150˚C for 18 h. The
contents were cooled at room temperature. Then, the
yellowish white sample was centrifuged with
deionized water and ethanol. The sample was dried at
80˚C for 3 h and then stored in a clean dark-colored
dry bottle for future use [18].

2.2.2. Titania PVA-alginate beads preparation

By mixing 1 g of alginate, 12 g of PVA, and 0.1 g of
titanium oxide into distilled water, 100mL precursor
solution was made. Initially, 12 g of PVA was stirred
in 72mL of distilled water for about 5 h under conven-
tional heating at 80˚C, but the alginate was stirred in
20mL of distilled water in a different beaker. After
conventional heating, PVA was put in a microwave to
heat for another 4min in order to ensure a complete
dissolution. The alginate and PVA solutions were
mixed in a beaker and then poured into the titanium
oxide powder. The solution was continuously stirred
to ensure homogeneity. The solution was then poured
into a solution containing a mixture of 2% calcium
chloride (CaCl2) and 6% of boric acid solution by
means of a peristaltic pump. The beads were allowed
to remain in the CaCl2 and boric acid solution for
24 h. After that they were washed with distilled water
several times and stored in deionized water for future
use [19].

2.2.3. Characterization of the TiO2 nanoparticles

Morphological and structural analysis of the
samples was done by a field emission scanning
electron microscope (FESEM, Hitachi S4800) and a
high resolution transmission electron microscope
(HRTEM, JEOL-JSM-6360). Using an X-ray (2θ = 20–90)
diffractometer (XRD, Bruker D-8 Advance) that used
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the Cu Kα radiation of wavelength λ = 1.5406 Å [18],
the phase was identified. The Fourier Transform Infra-
red Spectroscopy (FTIR) measurements were con-
ducted between 400 and 4,000 cm−1 [20]. By means of
FTIR spectrum, major functional groups in the adsor-
bent can be quantitatively analyzed [21].

2.2.4. Photocatalytic activity under sunlight

The reactions were carried out under sunlight irra-
diation. Ten grams of titania PVA-alginate beads was
placed in 200ml of Cd(II) solution in a 500ml beaker
for 180min. Every 15min, 5ml samples were taken
out for Cd(II) analysis (Fig. 1). The Cd(II) initial con-
centration in the solutions was varied from 50, 100 to
200mg/l. Additionally, the impact of pH on Cd(II)
sorption was examined at different pH ranges,
between 3.0 and 10.0. For the initial solution, the pH
value was fixed to the required pH value through
addition of HCl for acidic condition or NaOH for alka-
line condition [22]. The effect of temperature was also
studied by performing experiments at three different
temperatures (25, 35, and 45˚C).

2.2.5. Desorption experiments

Consecutive adsorption–desorption cycles were
used to examine the TiO2 bead reusability. By means
of the same titania PVA-alginate beads, the adsorption
experiments were iterated. Using desorbing agent
(HCl 50ml of 0.1M) in 250ml Erlenmeyer flasks, the
metal-loaded titania PVA-alginate beads (10 g) were
washed. During each desorption process, the flasks
containing the beads in the HCl solution were placed

on a shaker and this was rotated at 100 rpm for 60min
at room temperature, and an analysis was carried out
on the supernatant for the desorbed metal ions. AAS
was then employed to determine the concentration of
Cd(II) that is desorbed in acidic solution. In order to
investigate the regeneration behavior of the adsorbent,
the before-used titania PVA-alginate beads were recy-
cled and reused as the regenerated sorbent for five
repeated sorption–desorption cycles [21,23].

3. Results and discussion

3.1. Morphology of titanium oxide nanoparticles

Fig. 2 illustrates the XRD patterns of powders
resulted from the hydrothermal treatment. As can be
seen, the peaks of the powdered material were
resulted from (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 3), (1 1
6), (2 1 5), and (3 0 3) reflections. It is easy to index the
reflection peaks to anatase TiO2 with lattice constants
of a = 3.784 Å and c = 9.512 Å (JCPDS: No. 84–1286). It
should be noted that in the XRD pattern, any charac-
teristic peak that was relevant to other crystalline
forms was not found.

Fig. 3 presents the FTIR spectra of TiO2 powder. A
broad band can be observed between 3,200 and
3,600 cm−1 on samples, which results from O–H
stretching and deformation vibrations of weak-bound
water. Between 400 and 800 cm−1, there are bands that
result from the vibrations of tin oxide [24], whereas
the sharp bands in the range of 1,400–1,700 cm−1 are
related to the CH2– and –CH3 band.

The low- and high-magnification FESEM images of
the prepared powder samples are displayed in
Fig. 4(a) and (b), respectively. The nanoparticles are
uniformly distributed throughout the sample and the
sizes of the particles are fairly small. The average size

Fig. 1. Schematic diagram of photocatalytic activity under
sunlight irradiation. Fig. 2. XRD patterns of the as-prepared TiO2 nanoparticles.

268 A. Idris and Z. Majidnia / Desalination and Water Treatment 56 (2015) 266–273



was determined using HRTEM analysis. Typical
low-and high-magnification HRTEM images of the
sample are shown in Fig. 4(c) and (d), respectively,
which also revealed the formation of uniform TiO2

nanoparticles. The average particle size was approxi-
mately 15 nm as obtained from Fig. 4(d). The mini-
mum and maximum particle sizes lie close to the
average particle size.

Fig. 3. FTIR analyses of titanium oxide nanoparticles.

Fig. 4. (a) and (b) are the FESEM images and (c) and (d) are the TEM images for different magnification of TiO2 nanopar-
ticles.
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3.2. Effect of initial concentration solution on adsorption
capacity

Fig. 5 shows the percentage of cadmium (II) reduc-
tion as a function of illumination time at pH 7 at vari-
ous initial concentrations of Cd(II). Under all pH
conditions, the uptake of Cd(II) ion with respect to
contact time occurred in two stages. In the first hour
of sorbent–sorbet contact, a rapid metal uptake hap-
pened, known as the first stage [23]. It was followed
by the second stage; a slower metal uptake rate and
an equilibrium spreading over a noticeably lower per-
iod. Such an adsorption pattern has been used in
numerous studies in case of other metal ions or adsor-
bents. Initially, the rapid stage may be because of the
high availability of active sites on the biosorbent. As
shown by the slower phase, upon gradual occupancy
of these sites, sorption occurs less efficiently.

3.3. The effect of pH on adsorption capacity

The Cd(II) removal at different pH is shown in
Fig. 6. It can be seen that maximum Cd(II) removal
occurred at pH 7, whereas Cd(II) removal rate
improved along with the pH ranging from 3.0 to 7.0
and further increase in pH up to 10 did not show
improvement in the Cd(II) removal efficiency. When
the photocatalyst process was performed at pH 7,
100% of the cadmium was removed in 3 h compared
with the other pH conditions which did not reach
100% cadmium removal even after 3 h of illumination
time. Percentage of cadmium reduction at pH 3, only
reached 70% within 3 h, whilst at pH 10, cadmium
removed reached 75% within 3 h illumination time.

Increasing pH decreases the concentration of H+,
therefore, reducing the competition between metal
ions and protons for adsorption sites on the particle
surface. As pH increases there will be a decrease in
positive surface charge resulting in lowering of
electrostatic repulsion between the surface and metal
ions, and thus, explained why pH 7 is an optimum
pH condition for cadmium reduction [23].

3.4. The effect of temperature on adsorption capacity

Fig. 7 shows the effect of temperature on the
batch adsorption of Cd(II). Higher removals for cad-
mium ions studied were observed in the lower tem-
perature range. Furthermore, the maximum removals
for (99%) Cd(II) were observed at 25˚C. So, a
decrease in uptake of heavy metal cations with the
rise in temperature was observed. This was due to
the increasing tendency of adsorbate ions to desorb
from the interface to the solution with increasing
temperature [25].

Fig. 5. The adsorption of Cd(II) ions with titania PVA-
alginate beads at different concentration of Cd(II) at pH 7.

Fig. 6. The adsorption of Cd(II) ions with titania PVA-
alginate beads at pH 3, 7, and 10 [experimental conditions:
Cd(II) solution concentration = 50mg/l].

Fig. 7. The adsorption of Cd(II) ions with titania PVA-
alginate beads at different temperatures (˚C) [experimental
conditions: Cd(II) solution concentration = 50mg/l and pH
7].
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3.5. Kinetic modeling

The kinetics of absorption of Cd(II) ions onto the
adsorbent materials was described using two models;
the Langmuir–Hinshelwood first-order [26] and the
pseudo-second-order rate model.

A pseudo-second-order rate model as described
[27] was used to describe the kinetics of absorption of
Cd(II) ions onto the adsorbent materials. The differen-
tial equation for chemisorptions kinetic rate reaction is
expressed in (Fig. 8):

q ¼ Co � Ctð ÞV
m

(1)

dqt
dt

¼ k qe � qtð Þ2 (2)

where k is the rate constant of pseudo-second-order
equation (L/mg h).

For the boundary conditions t = 0 to t = t and qt = 0
to qt = qt, the integrated form of Eq. (2) becomes:

1

qe � qt
¼ 1

qe
þ kt (3)

Eq. (3) can be rearranged to obtain a linear form of
equation as:

t

qt
¼ 1

kqe2
þ 1

qe

� �
t (4)

If the initial sorption rate h (mg/L h) is:

h ¼ kqe2 (5)

Then Eqs. (4) and (5) will become:

t

qt
¼ 1

h
þ 1

qe
t (6)

The kinetic plots of t/qt versus t for Cd(II) ions sorp-
tion are presented in Fig. 9. The relationships are
found to be linear and the values of the correlation
coefficient (R2) suggest a strong relationship between
the parameters. The correlation coefficient R2 was
found to have extremely high value of (>0.99) and the
theoretical qe values agree with the experimental ones.
The results suggest that the pseudo-second-order sorp-
tion mechanism was predominant and the overall rate
constant of each of the sorbent appeared to be
controlled by the chemisorption process. Thus, the
sorption process of each ion follows the pseudo-
second-order kinetic model.

Table 1 shows the values of the constants obtained
from Langmuir–Hinshelwood first-order and the
pseudo-second-order rate equations for the different
Cd(II) concentrations. The results illustrate that cad-
mium removal in aqueous solution fitted the pseudo-
second-order rate equations better with higher R2

value (R2 = 0.9993) compared with the Langmuir–
Hinshelwood first-order equations (R2 = 0.9383).

3.6. Desorption and regeneration

Desorption and regeneration potential of titania
PVA-alginate beads is an important factor since it
determines the costs that are associated with the
adsorption system. In the present research, at initial
concentration of 50mg/l, the Cd(II) desorption from
the metal-loaded titania PVA-alginate beads occurred
at pH 7. In case of the first cycle, Cd(II) desorption
from the metal-loaded titania PVA-alginate beads led
to 93.12% metal recovery. As Fig. 10 demonstrates the

Fig. 8. The influence of initial concentration of Cadmium
ions on the sorption kinetics of titania PVA-alginate beads.

Fig. 9. Pseudo-second-order sorption kinetics of Cadmium
ion onto titania PVA-alginate beads at various initial con-
centration.
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percentage desorption for the metals does not reduce
considerably during the five sorption–desorption
cycles. The metal removing efficiency of Cd(II) on
titania PVA-alginate beads was 93.12% during the first
cycle and experienced a 4.9% reduction in desorption
capability of titania PVA-alginate beads after the sec-
ond cycle. From the third to the seventh cycle, only a
small reduction in the sorption capability of titania
PVA-alginate beads was observed. As a result, titania
PVA-alginate beads can be recycled a minimum of six
to seven times without notably losing their initial
photacatalytic properties.

4. Conclusion

The present study showed that initial concentration
of substrate has a considerable impact on the photore-
duction of Cd(II). It was found that there will be a
decrease in the percentage adsorption of Cd(II) if the
initial Cd(II) concentration increases. This was
expected since for a fixed adsorbent dosage, the total
available adsorption sites were limited, hence leading
to a reduction in percentage removal of the adsorbate
corresponding to an increase in initial adsorbate con-
centration. Furthermore, it was found that the initial
reaction rates were directly proportional to the catalyst

concentration, which indicated the heterogeneous
regime. However, it was observed that in excess of a
critical concentration, the reaction rate decreased and
become independent of the catalyst concentration. The
photocatalytic reduction kinetics of Cd(II) on titania
PVA-alginate beads was highly governed by the
pseudo-second-order kinetics model. They showed
that a surface reaction, where the Cd(II) was absorbed,
was the controlling step of the process. Additionally,
the results obtained from the recycled beads were very
promising as it showed that the photocatalyst beads
can be reused for at least six times.

List of symbols
DI — deionized water
λ — radiation of wavelength
r — photoreduction rate of the reactant (mg/L min)
c — concentration of the reactant (mg/L)
t — illumination time
kr — reaction rate constant (mg/L min)
KLH — adsorption coefficient of the reactant (L/mg)
KH2o — solvent adsorption constant
CH2o — concentration of the water
Co — initial concentration of Cadmium (II) (mg/L)
kapp — pseudo-first-order rate constant

R2 — correlation coefficient

References

[1] Q.X. Zhou, X.-N. Zhao, J.-P. Xiao, Preconcentration of
nickel and cadmium by TiO2 nanotubes as solid-phase
extraction adsorbents coupled with flame atomic
absorption spectrometry, Talanta 77 (2009) 1774–1777.
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