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a b s t r a c t

The experimental data of sonocatalytic degradation of Reactive Black 5 (RB5) as an azo dye by core–shell
nanocrystals (CdS–TiO2) were applied to the proper kinetic models. In this work, two kinetic models were
proposed and fitted properly to the data. In the first one, the heterogeneous reaction was considered sim-
ilar to the Langmuir–Hinshelwood (L–H) mechanism and the kinetic rate parameters were determined. In
this model, short time of sonication with initial concentration changes has been applied and the contri-
bution of the reaction intermediates has been neglected in degradation. Hence, this model may not be
valid for longer reaction times where the reaction intermediates effects prevail. In the second one, two
first-order reactions in series provided the most convincing rate form for the sonodegradation of dyes
adsorbed on the synthesized nanocomposite. In these series reactions, the first step is the conversion
of colored dye to colored intermediate, and the second step is the conversion to colorless product(s).
The obtained results were in good agreement with the proposed kinetic models. The rate constants of
degradation of catalyzed reaction were higher than that obtained without catalyst, solar and UV
irradiation.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Due to the presence of aromatic structures in many dye
molecules and their stability, the conventional photocatalytic
degradation methods with TiO2 are sometimes ineffective for
decolorization and mineralization. It seems there are some draw-
backs: (1) limitation of the application of TiO2 in visible light, (2)
requirement a higher input energy due to quantum size effect of
nanoparticles [1,2] and (3) recombination the generated hole (h+)
and electron (e�) pairs [3]. In addition, the utilization efficiency
of ultraviolet light is low which is due to the UV-screening of the
catalyst. Hence, the coupling of a large band gap semiconductor
(TiO2) with a smaller one such as CdS is a proper combination for
activating by visible light, prohibiting the recombination of hole
(h+) and electron (e�) pairs, and avoiding photocorrosion in aque-
ous solutions can improve and enhance the degradation of organic
pollutants [4–6].

Recently, great attention has been paid to the use of ultrasound
for the degradation of wastewater due to its high efficiency and
easy to use [7–10]. However, applying of ultrasonic irradiation
alone for a complete mineralization of organic pollutants is a diffi-
cult task especially for the persistent organic compounds. On the
other hand, to improve the degradation efficiency, the application

of semiconductive catalysts in ultrasonic degradation is promising.
In order to resolve these problems, the sonocatalytic degradation
method can be adopted by the synthetic semiconductors of core–
shell structure with appropriate adsorbability, high catalytic activ-
ity and short process time.

Understanding the sonochemical reaction mechanism and
kinetics is also very important in order to achieve a higher effi-
ciency. Although the mechanism and kinetics of the various sono-
chemical reactions and sonocatalytic degradation have already
been reported and the mechanism of the individual cases such as
sonication of water [11–13], sonodegradation of dye [10], reactions
using UV/TiO2 [14,15], and reactions using ultrasound/TiO2 [16]
are well-studied. The literature reports indicate that sonochemical
and sonocatalytic dye degradation in liquid systems can be de-
scribed by the first-order kinetics (as a function of irradiation time)
[7–9,17–33] and L–H kinetic model (as a function of concentration
and time) [10,16,34,35]. In contrast to the liquid phase sonolysis
and sonocatalysis with a single semiconductor which are fre-
quently obeyed the first-order kinetic models [28,29,32], advanced
kinetic models have not been proposed or compared with experi-
mental data for the coupling semiconductors.

In this study, two new kinetic models are proposed for the
sonochemical decomposition of azo dye. In the first method, a de-
tailed L–H kinetic model on the basis of taking into account the
sonolysis of water, heterocatalytic surface reactions, and various
controlling steps has been developed. The proposed model is a
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combination of established individual models. In the second meth-
od, we propose and examine a simple two-step model for describ-
ing the sonocatalytic decolorization rate:

dye!k2 colored intermediate!k2 colorless product

The kinetic parameters were determined from the experimental
data for the sonochemical decomposition and mineralization of the
azo dye. The kinetic of sono-degradation of the dye using CdS–TiO2

was compared with sono-degradation without catalyst, degrada-
tion in the presence of catalyst by solar and UV irradiation. As a re-
sult, the prepared composite has high sonocatalytic efficiency, high
degradation rate for the mineralization of the selected dye which is
due to the increase of mass-transfer and unblocking of the catalyst
active sites by ultrasound. In addition, applying of advanced kinetic
models on the experimental data in this work is completely new.

2. Experimental

2.1. Materials

Ethylenediamine, sulfur, p-xylen, titanium tetra-isopropoxide
(TTIP), CTAB (Cetyl trimethyl ammonium bromide) and 1-butanol
from Merck, CdCl2, 2H2O from Fluka, and RB5 from Germany (Dys-
tar Company) have been used without further purification. De-ion-
ized water was used for the sample preparation.

2.2. Procedure

2.2.1. Synthesis of core–shell nanoparticles
The synthesis of core–shell nanoparticles as catalyst has been

done in our laboratory through the combination of ultrasound
and microemulsion [36].

2.2.2. Sonication of dye solution with catalyst
A total of 50 mL of RB5 solution (50–200 mg/L) containing

nanocomposite (0.05 g) as a catalyst was sonicated (20 kHz Soni-
fier W-450, output acoustic power 41 W, horn with 1.9 cm diame-
ter) in a Rosset cell at initial pH of 6.5. Then the sample was
centrifuged at 8000 rpm for 3 min to separate the suspended cata-
lyst particles from aqueous solution. The other experiments were
carried out under the same condition by UV lamp of 30 W
(k = 360 nm, distance of liquid surface 20 cm) and sunlight under
clear sky in summer (August 2010, the geographic position:
N = 36�18041.600, E = 59�31054.200).

2.2.3. Sample analysis
The absorbance of the sample was measured by a spectropho-

tometer (model Unico 2800) at 599 nm which corresponds to the
maximum absorbance of RB5. The absorption was converted to a
concentration through the standard curve of RB5.

2.2.4. Adsorption test in the dark
An experiment was conducted at pH = 6.5 for the RB5 dye solu-

tion with a catalyst loading of 1 g/L. After addition of the catalyst,
the dye solution was stirred vigorously in a dark place for 30 min
with a magnetic stirrer (600 rpm), to allow the dye to reach equi-
librium with the surface of the catalyst. The data obtained from the
adsorption experiments were fitted to the Langmuir equation and
the procedure explained in our recent work [37] (Supporting
Fig. S1).

3. Results and discussion

The synthesized core–shell nanocomposite of CdS–TiO2 with
particle sizes (�15.6 nm) in our lab [36] was used for the kinetic

investigation on the sonodegradation of RB5. The results of our re-
cent work [37] shown that the degradation of RB5 in the presence
of CdS/TiO2 with mole ratio of 1/6 was better than TiO2 and CdS
alone.

This is due to the fast charge separation and transportation
throughout the particles as well as the contact between TiO2 and
solution which is sufficient for the creation of active radicals. The
role of TiO2 nanoparticles is to provide sites for collecting the elec-
trons generated from CdS and electron–hole separation. The simul-
taneous use of ultrasound and coupled semiconductors with
higher activity is related to the charge separation, the interface
contact between nanoparticles, the crystallinity, and sizes in the
coupled particles.

3.1. Initial concentration of RB5

The effect of initial concentration of RB5 in the range of 50–
200 ppm was studied on the degradation rate under different situ-
ations: sonication of dye solution without catalyst, sonication with
catalyst after equilibration of adsorption/desorption of RB5 on the
catalyst surface (method (a)), and sonication instantly after adding
the catalyst (method (b)). Fig. 1A–C shows the results of these dif-
ferent situations on the removal of the dye pollutant, respectively.
The pollutant concentration is an important parameter in water
treatment and Fig. 1 shows that the concentration of pollutant
has an effect on the degradation. Since the rate of degradation
was faster with the lower initial concentration and in our recent
work [37] showed that reaction of dye degradation is occurred
on the catalyst surface. Hence, the Langmuir–Hinshelwood model
was applied on the experimental data.

3.2. Langmuir–Hinshelwood (L–H) kinetic model

The sonocatalytic experiments were carried out by the two fol-
lowing methods:

In method (a), the suspension was stirred for 30 min in a dark
place to ensure a complete equilibration of adsorption/desorption
of RB5 on the catalyst surface. Then, the sonication was applied
and the start of sonication was taken as ‘‘time zero’’ for the reac-
tion. In method (b), the reaction mixture was continuously soni-
cated from the initial time of mixing.

The L–H kinetic model for sonocatalytic degradation of the dye
was considered by taking into account the sonolysis of water, the
heterocatalytic surface reactions, and the various controlling steps.
Based on this model, the mechanism contains the following steps:

(a) Formation of free radicals by sonolysis [11]

Under extreme conditions of cavitation, water molecules disso-
ciate into free radicals (⁄denotes radical):

H2O!kP OH� þH�

H� þ O2!
kS1 HO�2

HO�2 þHO�2!
kS2 H2O2 þ O2

H2O2 þ OH� !kS3 HO�2 þH2O

OH� þ OH� !kS4 H2O2

(b) Formation of free radicals by sonocatalysis

The energy dissipated by ultrasonic irradiation can cause a
transfer of an electron from a valence band (VB) to the conduction
band (CB) of a semiconductor and forming a hole, hþVB, in the va-
lence band [14,15,38]. In our condition, the effect of sonolumines-
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cence is negligible. Based on the cavitation in this study, it can re-
sult in the formation of high temperatures as a spot (hot spot the-
ory). The high temperatures produced many holes on CdS surface
with small band gap [39–41]. CdS has small band gap (2.4 eV) in
comparison with TiO2 band gap (3.2 eV). In addition, cavitation
can promote a transfer of an electron from CdS to TiO2 which effec-
tively results in the separation of electron–hole pairs.

In coupling semiconductors, it is expected a transfer of electron
from core to shell and this may lead to a delay of hole–electron
recombination due to the core–shell structure [42]. The hole–elec-
tron pair reacts with adsorbed hydroxyl, water molecules, dye mol-
ecules, and oxygen to generate hydroxyl radicals [14,15,38,43,44].
The reactions are as follows (S, M, and US represent the surface of
the catalyst, metal, ultrasound, respectively):

MS-TiO2 þ US!keh MSðhþ þ e�Þ � TiO2

MSðhþ þ e�Þ � TiO2!
k0eh MSðhþÞ � TiO2ðe�Þ

hþ þ e� !krc heat

S-OH� þ hþ !krh1 MS-OH�

S-H2Oþ hþ !krh2 MS-OH� þHþ

MS-TiO2ðe�Þ þ O2!
k1 O��2

O��2 þH2O!k2 HO�2 þ OH�

HO�2 þHO�2!
k3 H2O2 þ O2

H2O2!
k4 2OH�

The fundamental mechanism of OH production was recently re-
viewed by Salvador et al. [45–47]. Based on the ‘‘Direct–Indirect’’
model, he theoretically demonstrated that water or hydroxyl ions
could not be thermodynamically oxidized by means of the holes
at the catalyst surface. Hence, these reactions are not considered.

The concentration of adsorbed hydroxyl radicals and dye mole-
cules (D represents the dye molecule) can be expressed based on
their adsorption/desorption equilibrium:

Sþ OH� �
kOH

k0OH

S-OH�

Sþ D �
kD

k0D

S-D

(c) The degradation of dye
The sono-decomposition of organic compounds proceeds in

three different regions in an aqueous solution: (I) inside of the cav-
ity [48–50], (II) at the interface region between the cavitation bub-
bles and the bulk solution, and (III) in the bulk of solution. In
regions (I) and (II), the pyrolysis and radical reactions mainly occur
and in region (III), the reactions with OH radicals are predominant.
The degree of hydrophobicity of the dye is one of the most impor-
tant factors to predict the reaction pathway under ultrasound. The
RB5 molecule is soluble in water due to polar functional groups
and is mostly in its anionic forms. The pKa values for the dye are
almost close to 3.8 and 6.9 [51]. Hence, the chemical structure of
RB5 in neutral pH is different than the acidic solution. This change
in chemical structure implies that the hydrophobic property of RB5
varies with changing the pH of solutions [52,53]. Based on the pKa

value of RB5, under applied conditions the RB5 is in a more hydro-
philic state. Hence, the chance of presence of the molecule near the
cavitation is less.

It seems that higher hydrophobic compounds in water can be
accumulated onto the interface of the bubbles [21,54–56] and
decomposed by the cavitation process through critical conditions
or OH radicals formed from sonolysis. It is believed that hydro-
philic and non-volatile compounds mainly degrade via the reaction
with OH radicals at the interface region of the cavitation bubbles
and/or in the bulk solution [57].

On the other hand, the surface of catalyst is one of the most
important factors. In the literature indicated that the point of zero
charge (PZC) of TiO2 for anatase is 6.8 [58,59] and when pH is lower
than PZC, the TiO2 surface is positively charged. The solution pH is

Fig. 1. The degradation profiles of RB5 under ultrasound: (A) in the absence of
catalyst, (B) in the presence of catalyst, method (a), (C) in the presence of catalyst,
method (b) (insert shows the variation of initial rate per initial concentration).
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slightly less than pHzpc and this condition can be led to the adsorp-
tion of dye molecules onto the surface through the sulfonate group.
Consequently the degradation of adsorbed species was done with
hydroxyl radicals produced by catalyst surface (it has been ex-
plained in our recent work [37]). Then, we assumed that the pro-
posed kinetics model is based on reaction with solutes at
different positions such as adsorbed species at the bubble–solution
interface or with solutes in the bulk solution and with solute on the
catalyst surface.

Since azo dyes are nonvolatile compounds, they do not pyrolyze
in the cavitation bubbles. Hence, during the sonolysis and sonocat-
alytic degradation, there are some possible pathways [14] for the
dye decomposition based on the following steps in the bulk and
on the catalyst surface:

Dþ hþ !
khd1 product

S-Dþ hþ !
khd2 product

Dþ OH� !kox1 product

S-Dþ OH� !kox2 product

Dþ S-OH� !kox3 product

S-Dþ S-OH� !kox4 product

The mechanism of the individual processes such as the sonica-
tion of water [11–13], sonodegradation of dye [10], reactions using
UV/TiO2 [14,15], and reactions using ultrasound/TiO2 [16] have
been studied. But, there is no report on the composite materials.
The proposed model in this work is a combination of the estab-
lished individual models. A kinetic rate expression for the degrada-
tion of the dye can be obtained by applying elementary
stoichiometric balances with quasi-steady state assumptions for
[e�], ½hþVB�, [H2O2], and the total hydroxyl radicals, (a detailed deriva-
tion is given in the Appendix (Supplementary)). The experimental
results show that ultrasonic degradation follows the L–H kinetics
model.

The form of the rate equation can be linearized for initial concen-
trations as 1/r0 = (1/k0)(1/C0) + (K0/k0), where C0 is the initial dye
concentration and r0 is the initial degradation rate. The initial rates
were determined by extrapolating back to the initial conditions
[60]. The slope and the intercept of the equation can be determined
through the plot of 1/r0 versus 1/C0. The rate coefficient (k0) shows
the rate of degradation whereas K0 is adsorption coefficient. There
is no real correlation between the adsorption isotherm and the ki-
netic results obtained from these experiments. However, this behav-
ior has already been observed for photocatalytic reactions [61–65].

The L–H parameters are determined from the slope and the
intercept of Fig. 2 and given in Table 1. Based on Fig. 2, the degra-
dation shows a lower intercept, i.e. higher rate coefficient for
method (b). The higher value of k0 in method b indicates the higher
degradation rates of the dye. The rate of sonocatalyzed degradation
in two methods (a and b) was greater than that of the ultrasound
reaction without catalyst. This is attributed to the synergetic effect
of ultrasound and semiconductor. In addition, the solid particles
increased nucleation sites for cavity formation, resulting in the
generation of more free radicals. Moreover, ultrasonic shockwave
prevents blocking of active sites on the catalyst. In the case of son-
ication, the surface area also increases by breakage, cleaning, and
sweeping of the catalyst surface due to acoustic micro-streaming
which allows more active catalyst sites are available, and reduces
any mass-transfer limitations between the liquid phase and the
catalyst surface. However, the relative contributions of the above
effects are difficult to be separated, the overall net effect is an
enhancement in the rate of reaction [37,52].

On the other hand, k0 in method (a) was less than method (b).
This might be due to the dye pre-adsorbed on the surface which
does not allow more active catalyst sites to be available for the sur-
face reactions.

3.3. Series kinetic model

Although various sonochemical reactions and sonocatalytic
degradation have already been reported but, the kinetic for the
reactions is still unclear in homogeneous and heterogeneous solu-
tions. This is due to simultaneously and consecutively proceeding
of the reactions under ultrasound. In the literature, it was reported
that the sonochemical and the sonocatalytic dye degradation in li-
quid media can be described by the first-order kinetic model [17–
26] and L–H kinetic model [10,16,34,35]. In the L–H model, the
data analysis should be performed with the initial concentration
changes which are accompanied by the short time of sonication.
In addition, the contribution of the reaction intermediate to the
degradation should be neglected. Hence, this model may not be va-
lid in longer reaction times where the reaction intermediate effects
prevail. Thus, the reaction was first modeled as a single step with a
first-order reaction, Eq. (1):

Dye! products

dCD

dt
¼ ��KCD ð1Þ

The semilog data plot does not produce a single straight line. As
a result, a simple first-order model does not fit to the entire period
of irradiation. Instead, the semilog data plot of absorbance versus
time shows two line regions (Fig. 3A, C and E), suggesting a two
first-order in-series reaction model, Eq. (2). The same approach
has been used in the solid-phase and liquid photocatalytic degra-
dation of RB5 dye [66,67].

Fig. 2. Variation of the inverse of the initial rate versus the inverse of the initial
concentration of Fig. 1.

Table 1
The L–H parameters are determined from the slope and the intercept of Fig. 2.

Method k0

(min�1)
k0

(L mg�1)
R2 k0 (method

(a))/k0 (us)
k0 (method
(b))/k0 (us)

Ultrasound 0.011 0.005 0.98
Method (a) 0.199 0.017 0.99 18
Method (b) 1.900 0.032 0.99 173

N. Ghows, M.H. Entezari / Ultrasonics Sonochemistry 20 (2013) 386–394 389
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dye!k1 intermediate dye!k2 colorless products ð2Þ

For the first time, this kinetic model is applying to the sonocata-
lytic degradation of the dye by the two first-order in-series reactions.
Under these circumstances, the concentration of the dye, CD, and of
the intermediate, CI, with time can be described by Eqs. (3) and (4),
with the following boundary conditions: t = 0; CD = CD0; and CI = 0.

dCD

dt
¼ �k1CD ) CD ¼ CD0 e�k1t ð3Þ

dCI

dt
¼ k1CD � k2CI ) CI ¼

k1CD0

k2 � k1

� �
e�k1t � e�k2t
� �

ð4Þ

The measured absorbances were the sum of contributions from
the dye and intermediate. Therefore, Eq. (5) was obtained by com-
bination of Beer–Lambert equation (Abs = abC) and Eqs. (3) and
(4). The molar absorptivities of the dye and the intermediate are
aD and aI, respectively.

Abst ¼ Abs0 e�k1t þ aI

aD

� �
k1

k2 � k1

� �
�e�k1t � e�k2t
� �� �

ð5Þ

The kinetic parameters k1, k2, and the ratio aI/aD were deter-
mined with a nonlinear curve fit to the absorbance data by apply-
ing the Levenberg–Marquardt algorithm. The software required
Abst and Abs0 to be inserted in Eq. (5), and initial guesses for the
kinetic parameters as input. The initial estimates were obtained
by the limiting values of Abst in short and long times. In longer
times, by assuming that k1 is greater than k2, the Eq. (5) can be
rearranged to Eq. (6). The data obtained for sonodegradation in
times greater than 20 min were fitted to Eq. (6) and the slope
(k2) and the intercept (Eq. (8)) were found from the best fit line.

ln
Abst

Abs0
¼ ln � aIk1

aDðk2 � k1Þ

� �
� k2t ð6Þ

In shorter times, the exponential terms in Eq. (5) were ex-
panded to provide the first two terms in the series e�x ¼ 1� x
and rearranged to Eqs. (7)–(9). The data obtained for degradation

times up to 15 min and the obtained values of k2 and F from Eq.
(6) were fitted simultaneously to Eq. (9) for estimation of k1 and
aI/aD.

Abst

Abso
¼ ð1� k1tÞ þ aI

aD

� �
k1

k2 � k1

� �
ð1� k1t � 1þ k2tÞ

� �
ð7Þ

If : F ¼ aI

aD

� �
k1

k2 � k1

� �
ð8Þ

k1 ¼
1þ Fk2t � ðAbst=AbsoÞ

tð1þ FÞ ð9Þ

The values of k1 and k2 are presented in Table 2. As well as k1 is
much greater than k2, the initial assumption of k1� k2 is valid.
Fig. 3B and D shows the kinetic model can be fitted properly to
the experimental data for methods (a) and (b). This kinetic model
has also fitted to the experimental data for the sono-degradation of
the dye (Fig. 3F). According to Table 2, the sonocatalytic degrada-
tion rate is much higher than sono-degradation of the dye. It can
be seen that the proposed model not only is able to represent the
solid-phase and liquid photocatalytic degradation of dye [66,67],
but also the sonolysis and sonocatalytic degradation of reactive
dyes.

Fig. 3. The two first order in-series reaction model: (A, C and E) and the model fitted to the experimental data: (B, D and F) for sonocatalytic degradation (methods a and b)
and sono-degradation, respectively.

Table 2
Kinetic constants for different methods based on selected model (the degradation of
RB5 under ultrasound: in the absence of catalyst, and in the presence of catalyst,
methods ‘‘a and b’’).

Sample k1 k2 k1/k2 k1US + catalyst/k1

US

US 0.028 ± 0.004 0.002 ± 0.000 14.00 –
Method (a)

(sonocat.)
0.113 ± 0.002 0.010 ± 0.003 12.55 4.04

Method (b)
(sonocat.)

0.418 ± 0.026 0.070 ± 0.021 5.97 14.93

390 N. Ghows, M.H. Entezari / Ultrasonics Sonochemistry 20 (2013) 386–394
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3.4. Kinetics and different irradiation sources

Fig. 4 shows the effect of different energy sources with the same
catalyst for the degradation of the dye. The degradation was
negligible in the presence of only solar and UV light without nano-
particle. The adsorption experiments in the dark place confirmed

that the process was only adsorption in the presence of nanoparti-
cle. Table 3 summarizes the rate constants based on the series ki-
netic model. It is shown that ultrasound as a source of energy in
the presence of catalyst (sonocatalytic degradation) has the highest
activity in comparison with UV light and sunlight. This is attrib-

Fig. 4. (A) Different irradiation sources on the dye removal (50 mL solution 200 ppm, temperature 38 �C, power of ultrasound 66%, stirring 600 rpm); (B and D) plots based on
two first order in-series reaction model; (C and E) model fitted to the experimental data for solar irradiation and UV methods, respectively.

N. Ghows, M.H. Entezari / Ultrasonics Sonochemistry 20 (2013) 386–394 391
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uted to the synergetic effect of ultrasonic-semiconductor. The solid
particles increased the nucleation sites for cavity formation, result-
ing in the generation of more free radicals [13,39,68,69]. Moreover,
ultrasonic shockwave prevents blocking of the catalyst active sites.
Therefore, under ultrasound more active catalyst sites are available
for the reaction, and also ultrasound can reduces any mass-transfer
limitations.

3.5. Kinetics and mineralization of the dye

The sonocatalytic mineralization of RB5 was followed by mea-
suring the TOC during the process. Fig. 5 shows two plots (A and
B) that represent the TOC and its variation with time during the
sonocatalytic degradation. In Fig. 5A, the kinetic model was fitted
to the experimental data and in Fig. 5B the two first-order in-series
reactions was applied for TOC measurements.

4. Conclusion

The removal of dye increases along with the increase of ultra-
sonic irradiation time. To discuss the kinetics of the dye degrada-
tion, two reaction kinetics models were proposed. In the first
model, the heterogeneous reaction kinetics was developed based
on Langmuir–Hinshelwood mechanism. The proposed model is a
combination of established individual models. In the second mod-
el, a simple two-step first order model was applied to describe the
sonocatalytic degradation rate. Both models were properly fitted to
the experimental data. It was found that the rate of azo dye decom-
position was faster in the presence of ultrasound with nanocom-
posite (TiO2/CdS). The increased catalytic activity was due to the
improvement of charge separation by the nanocomposite, and
de-aggregation of the catalyst particles by ultrasound which allows
more active catalyst sites for the reaction. The presented kinetics
models could be applied for various types of sonocatalysis reac-
tions with single and coupling semicounductors that occur in
water in short and long times. In addition, the series kinetics model
for the dye degradation was applied for different irradiation
sources. A significant reduction in the concentration of RB5 was
observed in sonocatalytic method compared with UV and solar
irradiation.
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