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INFLUENCE OF THE CHEMICAL STRUCTURE OF ORGANIC POLLUTANTS
ON PHOTOCATALYTIC ACTIVITY OF TiO, NANOPARTICLES: KINETIC
ANALYSIS AND EVALUATION OF ELECTRICAL ENERGY PER ORDER (Eco)
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Photocatalytic degradation of different organic pollutants such as C.I. Acid Red 27(AR27),
Methyl Orange (MO), Malachite Green (MG) and 4-Nitrophenol (4-NP) were
investigated under UV light irradiation using synthesized TiO, nanoparticles by sol—gel
method. It was found that the photocatalytic degradation rate depends on pollutants
structure. The results indicate that from these pollutants MG can be removed faster than
other pollutants. Also, 4-NP with a more stable structure than other pollutants has lowest
removal rate in the presence of TiO, nanoparticles under UV light irradiation. The results
prove that removal rate of pollutants with different structures follows pseudo—first order
kinetics. The figures—of—merit based on electric energy consumption (electrical energy per
order (Ego)) were evaluated in the photocatalytic degradation of four organic pollutants.
The results indicate that Ego values depend on the basic structure of the pollutants.

(Received October 7, 2011; accepted December 5, 2011)

Keywords: Photocatalytic degradation; Organic pollutants; Titanium dioxide
nanoparticles; Electrical energy per order; Kinetic analysis; sol-gel

1 Introduction

Environmental pollution and destruction on a global scale, as well as the shortage of
sufficient clean and natural energy sources, have attracted much attention to the vital need for
developing ecologically clean and safe chemical technology, materials, and processes [1,2]. Dye
molecules are extensively used in textile dyeing, paper printing, leather, pharmaceutical, cosmetic,
and nutrition industries [3,4]. Textile industries generate wastewaters that contain considerable
amounts of non—fixed dyes and a huge amount of inorganic salts [5,6]. The principle sources of
environmental aqueous contamination in wastewaters are dye pollutants. They need to be removed
from wastewaters by different methods. The most often used methods for the treatment of these
textile dyes, including membrane filtration, adsorption, biological degradation (biodegradation),
ozonation, are not efficient enough [7,8]. Advanced oxidation processes (AOPs) seem to be a very
promising way to deal with the problem of organic pollutants destruction in aqueous systems [9].
Among the AOPs, heterogeneous photocatalysis was found as an emerging destructive technology
leading to the total mineralization of most organic pollutants [10,11]. Heterogeneous
photocatalysis involves combination of UV light and a semiconductor catalyst such as TiO, and
ZnO usually in suspension mode in aqueous solution. When a semiconductor absorbs a photon
with energy greater than or equal to the band gap energy produces electron—hole pairs within the
conduction and valence bands (Figure 1) [12]. Generated electron—hole pairs can either recombine
and release heat energy or interact separately with other molecules [13]. Organic pollutants can be
degraded and ultimately mineralized completely with UV—illuminated TiO, powder [14]. Due to
the wide band gap (3.2 eV); stimulation of TiO, is required using UV light. The interest in TiO,
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was mainly due to its availability, high stability, non—environmental impact, optical-electronic
properties, low cost and considerable photocatalytic activity [15,16].
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Fig. 1. Scheme of the photocatalytic process over titanium dioxide.

Recently some researchers have reported the photocatalytic degradation of C.I. Acid Red
27 (AR27), Methyl Orange (MO), Malachite Green (MG) and 4-Nitrophenol (4-NP) with TiO, in
the presence of UV or visible light [17-26]. Other researchers have compared the photocatalytic
degradation of various organic dyes to determine the influence of the chemical structure of dyes on
the degradation rate. Mozia [27] has compared the photocatalytic degradation of three azo dyes,
two monoazo dyes: C.I. Acid Red 18 and C.I. Acid Yellow 36, and one poly azo dye C.I. Direct
Green 99 in water under UV irradiation. Hu et al. [28] have studied the photocatalytic degradation
of three azo dyes in UV illuminated TiO, dispersions. Guillard et al. [29] have compared the
photocatalytic degradation of two types of dyes (anionic and cationic dyes) by using UV-
irradiated TiO, in suspension or supported on glass and paper. Abo—Farha [30] has compared the
photocatalytic degradation of two azo dyes, (i.e. monoazo dye C.I. Acid Orange 10 and diazo dye
C.I. Acid Red 114) present in wastewater with TiO, semiconductor under UV-visible light
illumination. Wang [31] has investigated the photocatalytic degradation of eight commercial dyes
with different structure and containing different substitute groups using TiO, as photocatalyst in
aqueous solution under solar irradiation.

The aim of the present work is the comparison of photocatalytic activity of TiO,
nanoparticles prepared with sol-gel method in the removal of four different organic pollutants with
diverse chemical structure (AR27, MO, MG and 4-NP), kinetic analysis and also evaluation of
electrical energy consumption. TiO, nanoparticles with high surface area and photocatalytic
activity were prepared by sol-gel method in the presence of methanol as solvent.

2 Materials and methods
2.1 Materials
AR27, MO, MG and 4-NP, all from Merck, were four pollutant studied in these

experiments without any further purification. Table 1 summarizes complete characterization of
these organic pollutants.



Table 1. Summarization of organic pollutants characterization.
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In our previous work, we reported synthesis of TiO, nanoparticles with high surface area
and high photocatalytic activity by sol-gel route [32]. Initially, titanium precursor (Ti(OC;H;)s,
TTIP) was slowly dissolved in methanol with molar ratios 1:1. Then, the obtained titanium
solution was sonicated in an ultrasonic bath (Elma, T460/H, 35 kHz, 170 W). The hydrolysis
process was then performed by adding of drop wise water into a flask containing
(precursor/solvent) mixture under reflux and magnetic stirring for 3 h at 80°C. The molar ratio of
H,0, methanol and TTIP were 65:1:1. The obtained sol was dried at 80°C and finally calcined in
air at 450°C during 3 h.

Structure, size, band gap and specific surface area of synthesized TiO, nanoparticles have
been characterized by X-ray diffraction, transmission electron microscopy, UV—Vis reflectance
spectroscopy and BET analysis. It was found that TiO, nanoparticles containing with crystallite
size in the range of 12—15 nm. The synthesized TiO, exhibited specific surface area of 99.71 m’
g, mean pores diameter of 8.7 nm and band gap energy 3.28 eV [32]. The TEM image of the
synthesized TiO, nanoparticles has been shown in Fig. 2.
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Fig. 2. TEM image of the synthesized TiO, nanoparticles.

2.2 Photoreactor and procedure

Photocatalytic activity measurements were carried out at room temperature in a batch
quartz reactor. Artificial irradiation was provided by 15 W (UV-C) mercury lamp (Philips,
Holland) emitted around 254 nm, positioned parallel to the reactor, as previously reported [33]. In
each run, 40 mg of TiO, was dispersed in 100 mL water for 15 min using an ultrasonic bath (Elma
T460/H, 35 kHz, 170 W), then desired concentration of organic pollutants ((MG],= 5 mg L',
[AR27],= 20 mg L™, [MO], = 10 mg L™, [4-NP], = 20 mg L") and TiO, (400 mg L") were fed
into the quartz tube reactor. The reaction cell was bubbled with O, at a flow rate of 0.5 mL min™'
in the darkness for 30 min before irradiation. At given irradiation time intervals, the samples (5
mL) were taken out, centrifuged (Hettich EBA) and then analyzed by UV—Vis spectrophotometer
(Pharmacia Biotech, Ultrospec 2000).

3 Results and discussion

3.1 Kinetics analysis

Photocatalytic degradation of organic pollutants in aqueous media considerably is in the
result of producing highly reactive hydroxyl radicals. Hydroxyl radicals are short lived and non

selective reagent in reaction with organic pollutants. With considering this fact we propose the
following rate law for photocatalytic degradation of organic pollutants in the UV/TiO, process:

— T =k['OH]4[Clys (D

where K is the rate constant, ["OH]

[C]

ags 18 the adsorbed concentration of hydroxyl radicals and

ads 18 the adsorbed organic pollutant concentration.

It is proved that hydroxyl radicals and organic compounds are adsorbed on different sites,
and adsorption of intermediate and organic compound are competitive on the same sites [34].
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According to the results of Rideh et al. [35] the adsorption of these compounds are Langmuir type.
With considering these findings, the reaction rate may be expressed as follows:

| K [OH] K[C]
rC_k(H KGOH["OH]JLH KC[C]+ZiKi[Ii]} (2)

K¢ and K; are the adsorption equilibrium constant for hydroxyl

In this equationK._,,

radicals, organic pollutants and intermediates, respectively. Also, |. is the concentration for

I
intermediates.

Beltran—Heredia et al. [36] made the following change by considering this assumption in
which the adsorption coefficients for all organic molecules are the same:

Kc[C] +ziKi[|i] =Kc[Cl, @3

where [C], is initial concentration of organic pollutant. With considering that in all experiments

of this work oxygen concentration, dosage of catalyst and light intensity were constant, therefore
for all runs the fraction sites covered by hydroxyl radicals was also constant, therefore we can

write following equation:
K. .['OH
k' =k Lo] 4)
1+K. ,[[OH]

Finally, Equation (5) can be written as:

—I.=-

dC _ o _KelCT |_
dt _k(u KC[C]Oj_ka”p[C] ®)

in this equation kapp is the pseudo—first order reaction rate constant which is a function of various

operational parameters. With integrating Equation (5) we obtain following equation:

Cl _y

In—=

[C] - appt (6)

The semi—logarithmic graph of the concentration of organic pollutants in the presence of
TiO, nanoparticles prepared with sol-gel method versus irradiation time (Fig. 3.) yield straight
lines, which confirm the pseudo—first order kinetics for decolorization of organic pollutants in this

process. Pseudo—first order reaction rate constants (kapp) for different organic pollutants were

obtained from the slope of these lines according to Equation (6).
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Fig. 3. The semi-logarithmic plot of different organic pollutants concentration
versus UV irradiation time.
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Fig. 4. Plot of kay, for different organic pollutants in UV/TiO, process.

Fig. 4. shows the variation of k',lep for removal of MG, AR27, MO and 4-NP with

UV/TiO; process. As can be seen, the removal rate is different for various organic pollutants so
that K, is the highest for MG and the lowest for 4-NP.

The kapp values are in the following order: MG > AR27 > MO > 4-NP, meaning that the

photocatalytic activity of the TiO, nanoparticles varies with the nature of the substrates. The
difference between the kapp values for these contaminants can be explained by their variation in

molecular structures. The K,,, for 4-NP is lowest, this may be attributed to the stable structure of

4-NP that making it less photodegradable. The resistance of 4-NP to photodegradtion might be
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associated with the presence of electron donating hydroxyl (-OH) and amino (-NO,) groups with
resonance effect in the chemical structure of 4-NP, which probably stabilizes the 4-NP molecule.

In azo—dyes, such as AR27 and MO both nitrogen atoms in the azo—groups have zero
oxidation degree [29]. The smaller removal rate constant of MO in comparison with AR27 can be
explained by the presence of methyl group (~CH3) in the MO molecular structure. The presence of
the methyl group in MO molecular structure can decrease the solubility of this molecule in water.
Hydroxyl radicals are very reactive and have very short lifetime, so that they can only react in the
location of formation. Therefore, every group that causes to decrease the solubility of molecules in
water will reduce the removal rate [37].

The higher degradability of MG could be due to the presence of a positively charged N*
group in MG molecular structure. Irradiation of TiO, nanoparticles with UV light at lower than
390 nm generates electron—hole pairs. The positively charged MG molecules are interacted by the
excited electrons of the TiO, nanoparticles and this leads to the oxidation of MG through holes.
AR27 and MO molecules with negatively charged sulfonic groups (-SOj;") repel the excited
electrons of the TiO, nanoparticles which promotes the recombination of the electron—hole pairs
leading to the termination of photocatalytic process [38].

3.2 Electrical energy determination

In UV/TiO, process electric energy consumption can be a major fraction of the operating
costs, therefore simple figures—of—merit based on electric energy consumption can be very useful
and informative. Bolton et al. [39] defined the figures—of-merit “electric energy per order” (Ego)
for using in the first order kinetic regime of AOPs. This concept was accepted by the IUPAC as a

technical report. The E_g (kWh/m*/order) can be calculated from the following equation:

P, xtx1000

(7)
V x 60 x log([CJ

Eeo =
Io
[C]

in this equation P,

is the input power (kW) to AOP system, t is the irradiation time (min), V is the

volume of water (L) in the reactor, [C], and [C] are the initial and final pollutant concentrations,

respectively [39]. This equation for a pseudo—first order reaction in a batch reactor changes to:

38.4x P,

E_ =

®)

in this equation kapp is the pseudo—first order reaction rate constant (min™').

Table 2. Egovalues for photodegradation of the four organic pollutants

Organic pollutants Ero (kWh m order ')
MG 9.23

AR27 12.59

MO 34.80

4-NP 72.27
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Electrical energy required to the removal of four different organic pollutants at the same
conditions have been given in Table 2. According to this Table, less energy was consumed during
the removal of MG in comparison to other pollutants. Ego amount for 4-NP is 8 times more than
that of MG. This is a significant consideration in view of the evaluation of the treatment costs for
the industrial applications as electric energy can correspond to a major fraction of the operating
costs.

4. Conclusions

This study demonstrates that heterogeneous photocatalysis is a very effective technology
for degrading organic pollutants with different structures. The experimental results indicate that
the photocatalytic activity of TiO, nanoparticles prepared by sol-gel method is highly depending
on the structure of pollutants. The difference was due to the variation in chemical structure and
substitute groups of organic pollutants. Kinetic analysis indicates pseudo—first order kinetic for all
of organic pollutants and the photocatalytic rate constants were in the following order: MG >
AR27 > MO > 4-NP. The results of electrical energy per order (Erp) evaluation show that
electrical energy consumption is directly proportional to organic pollutants structure, so that 4-NP
with stable structure needs more electrical energy consumption in comparison to other reactive
pollutants such as MG, AR27 and MO.
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