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The Influence of Cu(ll) on Methyl Orange
and Methylene Blue Photodegradation
Catalyzed by TiO, — Chitosan Nanocomposites
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Abstract—The influence of Cu(ll) on the catalytic
photodegradation of methyl orange (MO-cationic dye) dan methylene
blue (MB-anionic dye) using TiO, — chitosan nanocomposite had
been studied. The photodegradation process was carried out using a
batch system in a closed reactor equipped with a UV lamp. The
experimental results show that the presence of Cu(ll) ion was able to
increase the photodegradation of MO and MB, from 41% to 81% for
MO, and from 30% to 64% for MB. The mechanism by which Cu(ll)
ion increase the photodegradation of MO and MB was by capturing
the electrons released by the photocatalyst, thus preventing the
recombination of electron and holes. The decrease in recombination
of electrons and holes will then increase the number of OH radicals
needed for the initiation of the reaction, thus resulting in the increase
of the photodegradation.

Keywords—Photodegradation, Methyl Orange, Methylene Blue,
Methyl orange, TiO, — chitosan Nanocomposite

. INTRODUCTION

NVIRONMENTAL pollutions have become a serious

problem due to the danger it poses to human lives. One of

the important sources of pollution is industrial activities,
such as textile and dye industries. About 15% of total dyes
from textile industries all over the world was estimated to
pollute water bodies during coloring or dyeing processes.
There are almost 400 tons dyes are released to the
environment, both as solubles and precipitates [1,2]. This
waste is difficult to treat due to the use of more persistent dyes
that are more difficult to degrade naturally [3].

Methyl orange (MO) and Methylene blue (MB) are two
of the dyes that have been widely used. MO is an azo (-N=N-)
group compound with a diethylamine group in one of the
aromatic rings. When ionized in water, a negatively charged
chromophore is produced, so that MO is also known as an
anionic dye, or acidic dye. MB however, is a tiazine dye, with
a chromophore attached to the positively charged sulphonic
group (usually as an amine salt or ionized imine), so that it
also known as cationic dye, or basic dye [4]. The molecular
structure of MO and MB can be seen in Figure 1.
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Fig. 1 The structure of (A) Methylene Blue and (B) Methyl orange

Cu(ll) is one of the heavy metals which is toxic to both
human and animals. The presence of Cu(ll) in water bodies is
increasing due to its more widespread use for textile
industries, metallurgy and electroplating [5]. Cu(ll) in liquid
waste comes primarily from dyeing process in textile
industries using the blue coloured CuSO,.5H,0. When
released, the Cu(ll) containing waste was then able to go into
water system and mixed with organic waste [6]. Therefore, the
likelihood for Cu(ll) ions to co-exist with organic dyes such
as MO and MB in the water system is very high. When this
happens, the water system will become toxic and very
dangerous not only to human, but also plants and other living
things.

One of the techniques for handling dye liquid waste is the
degradation techniques using TiO, as photocatalyst. Titanium
dioxide (TiO,) is one of semiconductor materials with a band
gap energy (Eg) as high as 2-3 eV. When irradiated with
sufficient energy associated to the band gap energy, electron
transfer may occur. The ability for electron transfer in TiO,
makes it possible to be used as a trigger to initiate reduction
and oxidation reactions to a substrate. Such redox reaction can
initiate photodegradation of organic compounds, including dye
molecules, and convert them into simple compounds such as
CO,, H,O and other mineral acids [7], as well as reduce heavy
metal ions and change them into less toxic metal ions [8].

The degradation reaction of organic compounds catalyzed
by TiO, can be generally described as follow [9]:

TiO, + hv — TiO, (¢ + h") (1)
h or hole will react with water molecule to form hydroxyl
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radicals.
h*+ H,0 — "OH + H* 2)

Hydroxyl radical is a very strong non-selective oxidizing
agent (EO = +3.06 V) capable of initiating chain reactions of
organic compounds and convert them into smaller and simpler
compounds. The reaction of TiO, with the organic compounds
can be generally written as follow [10]:

CCHhOO+[(h-20)/4 + n] 0, — TiO,, hv — ¢CO, + h/2H,0
©)

Some of the electron and holes pairs (¢° dan h") will
recombine, either on the surface or in the bulk particles by
releasing thermal energy. The recombination will then reduce
the photodegradation level by decreasing of the number of
holes. Thus, to prevent the recombination of electrons and
holes, an electron capturing agent may be added to the system.

The use of powdered TiO, could reduce the effectiveness as
well efficiency of the photocatalytic activity, since once
dispersed, the powdered TiO, is difficult to recover [10]. In
addition, the dispersed powder may increase the turbidity of
the solution, making it difficult for the UV radiation to
activate the dispersed photocatalyst particles. Therefore, new
methods need to be developed for the synthesis and
development of the TiO, photocatalyst. One of the methods
used is by in-situ synthesis of TiO; in a host material made of
polymer with typical reology structure such as chitosan, which
can also interact with the photocatalyst to form nanocomposite
[11].

This study was conducted to determine the
photodegradation activity of MO and MB - catalyzed by
chitosan in the presence of Cu(ll) ions. The influence of Cu(ll)
ions needs to be studied as it might coexist with dyes in the
water system. Cu(ll) ion is also capable of capturing electrons
and therefore can act as an oxidizing agent. This will in turn
affect the recombination process between electrons and holes.
The influence of Cu(ll) was studied by comparing the the
photodegradation of MO and MB catalyzed by TiO, —
chitosan nanocomposite with and without the presence of
Cu(ll) ions.

Il.PROCEDURE

A. Materials and Apparatus

TiO; bulk photocatalyst and TiO, — chitosan nanocomposite
photocatalyst have been prepared using a methods discribed
previous research [11]. Metil Orange (C14H;1403N3SNa) and
Methylene Blue (C1H13CIN3S.2H,0) purchased from Merck.
Aqua Bidestilata and deionized Water was taken from
Pharmaceutical Laboratories Jakarta. All chemicals were of
reagent grade and were used without further treatment.

All reactions were conducted with stirring using magnetic
stirrer (Cimarec Barnstead Thermolyne) at 600 rpm and
centrifugation was carried out using Boeco C-28 Centrifuge
(Model BOE 1205-13, Boeckel & Co, Hamburg, Germany).
The reaction simulation was carried out using a closed
photoreactor equipped with UV lamp with magnetic stirring
plate, black light blue (BLB) (40 watt, 220 Volt), with
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wavelength ranging between 290 — 390 nm.

B. Methods

Photodegradation process of dyes were carried out in a
closed photoreactor equipped with a 40 watt UV lamp having
A in the range of 290 — 390 nm, as illistrated by figure 2. A
mixture solution containing 20 mL of MO 20 ppm or MB 5
ppm, 20 mg TiO, — chitosan nanocomposite and 2 mL of
Cu(ll) ions in various concetrations: 1,0; 2,0; 4,0; 6,0; 8,0 dan
10,0 ppm, with UV light accompanied by magnetic srirring for
5 h for MO treatment and for 6 h for MB treatment. The
solution was obtained by centrifuge with 5000 rpm for 5 min
for phase separation and the dyes concentration of the
supernatant was analyzed using Spectronic 20D. All
measurements were made at the wavelengths corresponding to
maximum absorption (MO at 464 nm and MB at 664 nm). As
a reference, no added of Cu(ll) ions in the dyes solution for
photocatalytic process using the same condition. By
subtracting the initial and undegradated concetrations of the
dyes solution, the degree of dyes photodegradation could be
calculated

b
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b. Switch {on/off)

©. Window

d. Magnetic stirrer

©. Reaction flask

f. UV-Lamp

Fig. 2 Photoreactor equipped with a 40 Watt UV lamp and a
series of magnetic stirrers [12]
I1l. RESULT AND DISCUSSION

A. The Activity of TiO, — Chitosan Nanocomposite as
Photocatalyst

The activity of TiO, — chitosan as a photocatalyst was
studied by comparing the photodegradation of MO and MB
dyes in systems with TiO, bulk photocatalyst and TiO, —
chitosan nanocomposite. The experimental results is shown in
Figure 3, and it can be seen that the photodegradation
percentage for the two dyes in the system with TiO, — chitosan
nanocomposite photocatalyst is higher than that of TiO2 bulk.

The higher photodegradation of the dyes in the system
catalyzed by TiO, — chitosan nanocomposite might be caused
by the smaller size of TiO, particles in the chitosan matrices as
compared to that of the TiO, bulk [11]. The smaller size of
TiO, particles will increase the band gap energy (Eg). The
higher the Eg, the more effective the photodegradation. Hence,
the use of TiO, — chitosan nanocomposite as a photocatalyst
will be able to increase the degree of photodegradation of both
MO and MB.
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Fig. 3 The influence of the addition of 0.02 g TiO, bulk and 0.02 g
TiO, — chitosan nanocomposite on the photodegradation of MO and
MB

The higher photodegradation of the dyes in the system
catalyzed by TiO, — chitosan nanocomposite might be caused
by the smaller size of TiO, particles in the chitosan matrices as
compared to that of the TiO, bulk [11]. The smaller size of
TiO, particles will increase the band gap energy (Eg). The
higher the Eg, the more effective the photodegradation. Hence,
the use of TiO, — chitosan nanocomposite as a photocatalyst
will be able to increase the degree of photodegradation of both
MO and MB.

Catalyzed photodegradation generally occurs via initiation
reaction by hydroxyl radicals ("OH). The source of the
hydroxyl radicals is either the dissosiation of water molecules
by light or photolysis, or the oxidation of holes in the
photocatalyst by water molecules or organic molecules. The
holes h* originating from bands with higher Eg is more
effective in reacting with substrate molecules to produce OH
radicals [13]. OH radicals will then initiate the degradation
reaction of organic compounds, or in this case the dye
molecules, as depicted by the following reaction equations
[14]:

H,O+hyv—>H" +°OH +¢ 4)
TiOy/ Ti+ hv — TiO,/ Ti + & +h* ()
h*+OH — °OH (6)

the reactive OH radical will attack the dye molecules to
produce smaller organic compounds and mineral acid.

R+ °OH— R® +H,0 (7
The reaction was followed by photocatalytic degradation of
the dye molecule
‘OH + dye — products*
TiOy/ Ti +h* +dye — TiO,/ Ti + products*  (8)
Product*: CO,, H,O, mineral acid and non toxic inorganic
compounds.

Fig. 3 shows that the photodegradation percentage of MO is
higher than MB. The difference is partly caused by the charge
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difference in MO and MB, with MB having a negative charge
and MB having positive charge. The ionic charge will
influence the affinity and the adsorption of the dye molecules
by the photocatalyst. This is because in a heterogeneous
catalytic reaction, photocatalysis is always preceded by the
adsorption of the substrate molecules on the surface of the
catalyst so that effective contact with the electrons may occur
[9].

Hypothetically, the Ti species will interact with the chitosan
matrices through either a Lewis acid-base interaction [15] or
hydrogen bonding [16,17]. Such interaction will cause the Ti
in the chitosan matrices to have a positive charge or neutral
[14,18], allowing the positively charge surface of the catalyst
to have a higher affinity toward electrostatic interaction with
anionic MO compared to cationic MB. This will in turn lead to
a higher level of photodegradation of MO.

B. The Influence of Cu(ll) on The Photodegradation of MO
and MB Catalyzed by TiO, — Chitosan Nanocomposite

To study the influence of Cu(ll) ion on the photodegradation
of MO and MB dyes, experiments were carried out using
different Cu(ll) concentration (2.0, 4.0, 6.0, 8.0, and 10.0
ppm). The experimental results can be seen in Figure 5.
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Fig. 4 The influence of different concentrations of Cu(ll) on the
degradation of MO 20 ppm and MB 5 ppm.

From Fig. 4, it can be seen that in the presence of Cu(ll) in
the solution, catalytic photodegradation of MO and MB dyes
using TiO, — chitosan increased from 41% to 81% for MO and
from 30% to 64% for MB. This increase is in line with the
increase of Cu(ll) concentration in the solution, which suggest
that the presence of Cu(ll) in water system together with dye
compounds will be able to increase the degradation of the
dyes.

Basically, photodegradation of dye molecules can be
increased as long as the recombination between electrons and
holes is prevented, leaving more holes available in the system
to react to produce hydroxyl radicals. The recombination can
be prevented by adding a species capable of capturing the
electrons released by TiO,. Any species having a standard
reduction potential (E,) more positive than the standard
reduction potential (Eg) of conduction band (E, = +0,30)
should be able to capture the electron or be reduced [8].
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Cu(ll) has an E, value which is more positive than the Eg
value of the conduction band. With E, = +0,34, Cu(ll) can
capture electron via the following reduction reaction [12]:

H,O + hv - H" + OH +¢
Cu”m + 26 —» C°

(©)
(10)

The above mechanism is responsible for the prevention of
electrons and holes in the photocatalyst leading to more OH
radicals being produced. Thus, the presence of Cu(ll) was able
to increase the photodegradation reaction of dye molecules
catalyzed by TiO, — chitosan nanocomposite.

The increase of dye degradation is in proportion to the
increase of Cu(ll) concentration in the solution. The higher the
concentration of Cu(ll), the more electrons can be captured,
which means more holes will be able to react to produce OH
radicals, and eventually increase the photodegradation of the
dye molecules.

IV. CONCLUSION

The use of TiO, — chitosan nanocomposite as photocatalyst
had been examined, and experimental results indicate that the
photodegradation of dye molecules catalyzed by  the
nanocomposite shows higher activity than that of TiO, bulk
photocatalyst. As photocatalysis reactions are always preceded
by the adsorption of the dye molecules on the surface of the
catalyst, dye molecules which are easier to be adsorbed should
be able to be degraded more. Due to the positive charge of the
photocatalyst surface, the anionic MO was be able to be
adsorbed easier than the cationic MB, and hence easier to be
degraded.

The presence of Cu(ll) in the solution was also able to
increase the photodegradation percentage of both dyes due to
the synergic effect of Cu(ll) with the photocatalyst. The
increase of the photodegradation percentage with the presence
of Cu(ll) for MO and MB is from 41% to 81% and from 30%
to 64%, respectively.

ACKNOWLEDGMENT

Acknowledgment is directed to LPDP (Lembaga Pengelola
Dana Pendidikan ) of Indonesia Ministry of Finance which
supported this reserach via Dissertation Grant Program 2013.

REFERENCES

[1] Chen, Y., Kan Wang, Liping Lou, “Photodegradation of Dye Pollutants
on Silica Gel Supported TiO, Particles Under Visible Light Irradiation,
J. Photochem. Photobiol. A: Chem., 163, pp. 281-287, 2004.
http://dx.doi.org/10.1016/j.jphotochem.2003.12.012

[2] Zubieta, C.E., Paula, V.M., Carina Luengo, Mariana, D., Olga Pieroni,
Pablo, C.S., “Reactive Dyes Remotion by Porous TiO, — Chitosan
Material”, J. Hazard. Mater., no. 152, pp. 765-777, 2008.
http://dx.doi.org/10.1016/j.jhazmat.2007.07.043

[3] Zainal Zulkarnain, Lee Kong, H., Mohd Zobir H., Abdul Halim, A., Imad

Rashid, “Characterization of TiO, — Chitosan/Glass Photocatalyst for

The Removal of Monoazo Dye via Photodegradation — Adsorption

Process”, J. Hazard. Mater., no. 164, pp. 138-145, 2009.

Chang Sook Keng, Zulkarnain Zainal, and Abdul Halim Abdullah,

“Removal of cationic and anionic dyes by immobilized titanium dioxide

loaded activated carbon’, The Malaysian Journal of Analytical Sciences.,

vol. 12, no. 2, pp. 451 — 457, 2008.

[4]

http://dx.doi.org/10.15242/IJACEBS.C1113037

24

[5]
(6]

Palar, Heryando, Pencemaran dan Ekotoksikologi Logam Berat, Rineka
Cipta, Jakarta, 1994.

Moore J.W. and Ramamoorthy S., Heavy metals in natural waters,
applied monitoring and impact assessment; Springer-Verlag New York
Inc, 1984.
http://dx.doi.org/10.1007/978-1-4612-5210-8
[7] Janus Magdalena, Ewelina Kusiak-Nejman, Antoni M.W., “Determination

of the photocatalytic activity of TiO, with high adsorption capacity”,
React. Kinet. Mech. Cat., no. 103, pp. 279 - 278, 2011.

[8] Otto Horvath, J., Hegyi, Light-induced reduction of heavy-metal ion on
titanium dioxide dispersion, Progr. Colloid Polym. Sci., vol. 117, pp.
211 - 216, 2001.

[9] Hoffmann, M. R., Martin, S. T., Choi, W., dan Bahnemann, D. W.,
“Environmental aplication of semiconductor photocatalysis”, J. Chem.
Rev., vol. 95, no. 1, pp. 69-96, 1995
http://dx.doi.org/10.1021/cr00033a004

[10] Gunlazuardi, J., Thahjanto, T.R., “Preparasi Lapisan Tipis TiO, sebagai
Fotokatalis: Keterkaitan antara Ketebalan dan aktivitas Fotokatalis”,
Makara., vol. 5, no. 2, 81-91, Desember. 2001.

[11] Fajriati, 1., Mudasir, E.T. Wahyuni., “Room-Temperature Synthesis of
TiO, — Chitosan Nanocomposites Photocatalyst”, Proceeding of The 3™
Annual Basic Science Int’l Conference 2013, Faculty Mathematic and
Natural Science, University of Brawijaya, Malang of Indonesia, pp.
C10-1 - C10 -5, 2013.

[12] Wahyuni, E.T., Nurul Hidayat, An Nissa Hayu F., Siti Nurhayati, “The
Influence of oxalic acid on the degree of Cu(ll) photoreduction
catalyzed by TiO,”, J. Manusia dan Lingkungan, vol. 15, no. 1, pp. 10 —
15, Maret. 2008.

[13] Sergio Valencia, Juan Miguel Marin, dan Gloria Restrepo, “Study of the

bandgap of synthesized titanium dioxide nanoparticles using the sol gel

method and a hydrothermal treatment”, The Open Material Science

Journal, vol. 4, pp. 9 - 14, 2010.

http://dx.doi.org/10.2174/1874088X01004010009

Zainal Zulkarnain, Chong Yong Lee, Anuar Kassim, Mohd Zobir

Hussein, Nor Azah, Photoelectrochemical degradation of methyl orange

using TiO/Ti films prepared via sol-gel technique, Acta Chim. Slov. no.

54, pp. 166-174, 2007. [15] Sagheer F.A., dan Merchant, “Visco-elastic

properties of chitosan-titania nano-composites”, Carbohyd. Polym., vol.

85, pp. 356-362, 2011

[16] Su Haijia, Li Qiang, Tianwei Tan, “Synthesis of lon-Imprinted Chitosan
— TiO, Adsorbent and Multi-functional Performances”, Biochem. Eng.
J..vol. 38, pp. 212-218, 2008.
http://dx.doi.org/10.1016/j.bej.2007.07.007

[17] Tao Yugui, Jun Pan, Shilei Yan, Bin Tang, Longbao Zhu, “Tensile

strength optimization and characterization of chitosan/TiO, hybrid film”,

Mater. Sci. Eng. B, vol. 138, pp. 84-89, 2007.

http://dx.doi.org/10.1016/j.mseb.2006.12.013

Weiwei Zhang, Shougang Chen, Shuaigin Yu, Yansheng Yin,
“Experimental and theoritical investigation of the pH effect on the
titania phase transformation during the sol-gel process”, J. Crystal
Growth, vol. 308, pp. 122 — 129, 2007.
http://dx.doi.org/10.1016/j.jcrysgro.2007.07.053

[14]

[18]


http://dx.doi.org/10.1016/j.jphotochem.2003.12.012
http://dx.doi.org/10.1016/j.jphotochem.2003.12.012
http://dx.doi.org/10.1016/j.jphotochem.2003.12.012
http://dx.doi.org/10.1016/j.jphotochem.2003.12.012
http://dx.doi.org/10.1016/j.jhazmat.2007.07.043
http://dx.doi.org/10.1016/j.jhazmat.2007.07.043
http://dx.doi.org/10.1016/j.jhazmat.2007.07.043
http://dx.doi.org/10.1016/j.jhazmat.2007.07.043
http://dx.doi.org/10.1007/978-1-4612-5210-8
http://dx.doi.org/10.1007/978-1-4612-5210-8
http://dx.doi.org/10.1007/978-1-4612-5210-8
http://dx.doi.org/10.1007/978-1-4612-5210-8
http://dx.doi.org/10.1021/cr00033a004
http://dx.doi.org/10.1021/cr00033a004
http://dx.doi.org/10.1021/cr00033a004
http://dx.doi.org/10.1021/cr00033a004
http://dx.doi.org/10.2174/1874088X01004010009
http://dx.doi.org/10.2174/1874088X01004010009
http://dx.doi.org/10.2174/1874088X01004010009
http://dx.doi.org/10.2174/1874088X01004010009
http://dx.doi.org/10.2174/1874088X01004010009
http://dx.doi.org/10.1016/j.bej.2007.07.007
http://dx.doi.org/10.1016/j.bej.2007.07.007
http://dx.doi.org/10.1016/j.bej.2007.07.007
http://dx.doi.org/10.1016/j.bej.2007.07.007
http://dx.doi.org/10.1016/j.mseb.2006.12.013
http://dx.doi.org/10.1016/j.mseb.2006.12.013
http://dx.doi.org/10.1016/j.mseb.2006.12.013
http://dx.doi.org/10.1016/j.mseb.2006.12.013
http://dx.doi.org/10.1016/j.jcrysgro.2007.07.053
http://dx.doi.org/10.1016/j.jcrysgro.2007.07.053
http://dx.doi.org/10.1016/j.jcrysgro.2007.07.053
http://dx.doi.org/10.1016/j.jcrysgro.2007.07.053
http://dx.doi.org/10.1016/j.jcrysgro.2007.07.053



