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ABSTRACT

In the present study, activated carbon-based TiO2 nanocomposites with carbon loading
were synthesized by sol–gel method for photocatalytic, sonocatalytic, and sonophotocat-
alytic degradation of colored compound in wastewater. The prepared catalysts were char-
acterized by Brunauer–Emmet–Teller surface area analysis, X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Fourier transform infrared analysis (FT-IR). The
degradation efficiencies of the synthesized composites were determined by the degradation
of Direct Blue-199 dye under three different reactors viz., photocatalytic, sonocatalytic, and
sonophotocatalytic. Reaction kinetic modeling was done for these processes and the degra-
dation rate was found maximum for sonophotocatalytic process as compared to individual
ones. However, on considering the energy efficiency and degradation efficiency, photo-
chemical reactor was found to be most economical. Therefore, for the treatment of wastew-
ater-containing dye from industries, a photocatalytic process can be applied with further
modification.

Keywords: Activated carbon TiO2; Nanocomposites; Synthetic dye; Photocatalytic;
Sonocatalytic; Sonophotocatalytic; Reaction kinetics; Energy efficiency

1. Introduction

Numerous dyes are extensively consumed in
various textile and fabric industries for products

coloration because of their property of persisting
long-term intense exposure to sunlight and other envi-
ronmental effects. More than 100,000 dyes are being
used for industrial purposes, a considerable amount of
which after processing is released out along with the
effluents, polluting soil, and water resources [1,2]. The
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diversity in the chemical composition of the synthetic
dyes makes them impervious to color fading [3].
Among these dyes, basic and azo direct dyes are con-
sidered to have soaring toxicity issues [4]. Direct blue
199, utilized for various purposes, has high visibility
in water even at low concentration which impedes
sunlight and affects photosynthesis. Being carcino-
genic, its discoloration from the industrial effluent
should be prioritized [5].

Various conventional techniques being practiced
for dye discoloration have both favorable as well as
disadvantageous issues regarding time, cost, and
byproducts [6]. Further because of the presence of aro-
matic compounds and stability of the synthetic dye,
these methods are ineffective for discoloration and
mineralization [7]. They transfer the pollutants to
other phase, rather than destroying them or produce
secondary pollutants [8,9]. Advanced oxidation pro-
cesses and their combinations such as ultrasound (US)
[10] and ozonation (O3) [11], TiO2 [12], ultraviolet
(UV) [13], H2O2 [14], and Fenton reagent [15] are
impactful treatment methods. Application of ultra-
sonic irradiation in core experiments has been appreci-
ated for its effectiveness in degrading the recalcitrant
pollutants such as dyes [16]. Ultrasound waves, gener-
ated in this process causes homolytic cleavage of the
H2O within cavitation bubbles, producing OH� and H�

[6,17]. Where upon the degradation of the pollutants
in aqueous solution is carried by these free radicals.
Hazardous dye pollutants in effluent require complete
mineralization (conversion into H2O, CO2 and mineral
acids) for safer disposal. However, this mineralization
does not approach an appreciable extent due to sev-
eral factors like hydrophilic intermediate products and
reaction volume [18,19].

Recently, degradation of pollutants by photocata-
lyst-based processes has been reported in many litera-
tures [20–23]. Among effective semiconductors, TiO2

has been widely utilized as a photocatalyst due to its
strong oxidizing power, low cost, and non-carcinogenic
nature [24]. However, its low efficiency when used in
pristine form is due to low ratio of light utilization, dif-
ficulty in separation form bulk solution, etc. [25]. Fur-
ther, the electrons and holes formed upon impact of
irradiation recombine which further adds to its limita-
tion [26]. These hindrances can be overcome by adsorb-
ing TiO2 particles on carbonaceous adsorbents having
large surface area such as activated carbon (AC) [27].
AC is a good support for semiconductor for photocat-
alytic activity because it acts as electron carrier to inhi-
bit the recombination of electron–hole pair and
provides large contact area as well as additional surface
pH for enhanced photocatalytic activity [28]. In general,
the production of TiO2/AC nanocomposite is cheaper,

viable, and reproducible as per industrial requirements,
when compared to other processes. Further, degrada-
tion of dye by the TiO2/AC composite has been appre-
ciated as a reliable industrial process. However, the use
of traditional UV sources causes a high heat dissipation
which results in high energy cost and also requires an
additional cooling mechanism in the reactor. Recently,
various studies were conducted on the feasibility of the
UV Light Emitting Diodes as a light source of photocat-
alytic degradation of organic pollutants [29–31].

The rudimentary reason behind the mechanism of
degradation by both photocatalysis and sonolysis is the
generation of OH� radical. Both processes involve the
mineralization of dyes into simpler molecules of H2O,
CO2, etc. Hence, the combined effect of both processes
i.e. sonophotocatalysis allows a greater impact on the
degradation of these pollutants, though it involves
more power consumption when compared to individ-
ual processes. Sonophotocatalysis creates a synergic
effect between both of its rudimentary processes [32].
Recent studies have shown that TiO2/AC nanocompos-
ite enhances the oxidative activity of ultrasonic waves
even in the absence of ultraviolet irradiation [33]. The
presence of this catalyst during ultrasonication
enhances the formation of acoustic cavitation bubbles
whose explosion generates OH� radical and hence sup-
ports the alleviated degradation process [34].

Present study involves comparison of photocataly-
sis, sonolysis, and sonophotcatalysis processes for
Direct Blue 199 dye degradation. AC using rice husk
was prepared and used for the preparation of
TiO2/AC nanocomposite by sol gel method calcined
at two different temperatures. An elaborate reaction
kinetics study for each process was done and the rate
constants were compared. As the dye’s removal from
effluent is a serious concern, the power consumption
of all three processes is compared to highlight their
cost effectiveness, taking into account the kinetic study
of the processes considering the viability and
cost-promising factors.

2. Materials and method

2.1. Source of dye

Direct Blue 199 Dye was brought from Sigma-
Aldrich (CAS no. 4399-55-7) with empirical formula is
C40H28N7NaO13S4 (Hill notation) and molecular
weight 965.94 (approx.)

2.2. Preparation of photo-catalyst

TiO2 loaded on activated charcoal (AC/TiO2) was
used as the catalyst for the process. Activated charcoal
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was prepared from rice husk obtained from the nearby
rice mill, by treating the husk with concentrated H2SO4

in the weight ratio (1:1) at 150˚C in an oven for 24 h.
The mixture was then cooled and the excess acid pre-
sent in the material was leached out by washing with
(1% w/v) sodium bicarbonate solution and followed by
washing with distilled water. The mixture was then
finely ground to 200 mesh after drying [35].

Then sol–gel method was used to prepare
AC/TiO2 catalyst [36–38]. Titanium tetra- isopropox-
ide (TTIP) was used as a binder. During the prepara-
tion process, 35.8 gm of TTIP was dissolved in 180 ml
of 99.9% propanol and 20 ml of 34% HCl (w/v) and
the mixture was kept in a reciprocating shaker for 1 h
(h) for homogenization. The resulting solution was
diluted to 1,000 ml by adjusting pH (3) by adding
NaOH, 10 g of AC and 10 g of P25 TiO2 particles were
mixed together and stirred for 3 h. Obtained gel solu-
tion was then filtered through membrane filter and
oven-dried at 80˚C for 24 h. The dried samples were
crushed and calcinated at different temperatures, viz.,
350 and 450˚C for 3 h. The final ratio of TiO2 particles
to AC in the catalyst was 1.99 (w/w). AC/TiO2

catalyst was then used in the further processes.

2.3. Design of reactors

Three reactors were used during the experiments.
A photochemical reactor which consisted of a cylindri-
cal reactor fitted in with 8 Phillips UV lamps of inten-
sity 8 W along with a magnetic stirrer. Similarly, to
carry out sonication reaction, another reactor was
fitted with a Sonicator (Hielsher Ultrasound Technol-
ogy) instead of UV lamps. Finally, a reactor consisting
of a combined photo- and sonocatalytic mechanism
was also set up as shown in (Fig. 1). All these reactors
were provided with cooling jackets with water flowing
inside them so as to avoid overheating.

Various solutions consisting of different concentra-
tions of dye, along AC/TiO2 catalyst were used for
the experiments. The experiments were conducted in
the three different reactors. The samples were taken
out from the batch reactor at fixed time interval and
their concentration was measured. This data were then
used for further deductions and calculations.

3. Results and discussion

3.1. Characterization of catalyst

3.1.1. Brunauer Emmet Teller surface area analysis

Specific surface area (SSA) of samples of AC/TiO2

nanocomposites was assayed using Brunauer–

Emmet–Teller plot with relative pressure (p/p0) rang-
ing from 0.01 to 0.20 [39]. The sample calcined at the
temperature of 250˚C has a SSA of 201.35 m2/gm.
When compared to sample being calcined at higher
temperature of 350˚C whose SSA is 288.70 m2/gm.
Therefore, the heat treatment temperature has large
effect on the activity of AC/TiO2 nanocomposites by
changing its SSA, crystallinity, carbon residual, etc.
[40,41].

3.1.2. X-ray diffraction (XRD) analysis

X-ray diffraction analysis was performed to assay
the phase composition and crystalline nature and size
of prepared AC/TiO2 nanocomposites were used to
identify the peaks of the sample by comparing with
the standard data. Various diffraction peaks as shown
in (Fig. 2) at 2θ = 25.4˚, 48.02˚, 54.19˚, and 62.72˚ were
given by AC/TiO2 nanocomposite which were
assigned to (1 0 1), (2 0 0), (1 0 5), and (1 0 3) reflec-
tions of anatase phase and peaks at 2θ = 37.80˚ being
assigned to (2 1 0) reflect the rutile phase of TiO2. The
average intensity of rutile phase is considerably less as
compared to that of anatase phase. Scherrer’s equation
can be used to determine the average crystalline size
Eq. (1) [42].

D ¼ kk
b cos h

(1)

where k = Scherer constant, λ = X-ray wavelength and
β = the peak width of half maximum and θ = Bragg
diffraction angle.

Fig. 1. Schematic diagram of the sonophotocatalytic
reactor.
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3.1.3. Scanning electron microscope analysis

The TiO2/AC nanocomposite was observed in
scanning electron microscope for investigating its
surface characterization and structure. TiO2 particle
was clearly observed as well dispersed and inter-
twined on AC. The surface morphology of TiO2/AC
nanocomposites was obtained as shown in (Fig. 3).

3.1.4. FTIR analysis

FTIR spectra of AC/TiO2-nanocomposite give the
number of peaks at different wave number (Fig. 4).
Peak at 3,415 cm−1 represents the stretching of hydro-
xyl (O–H) group in water as moisture [43]. Peak at
1,614 cm−1 shows the stretching of titanium carboxy-
late, which was the product of TTIP and ethanol
used in sol gel method. Calcination of TiO2 at higher
temperature removes the hydroxyl and carboxylate
peaks. Peak at 667 cm−1 represents the stretching of
Ti–O bond which is the characteristic attribute of the
formation of TiO2 nanoparticles. In addition, the
hydroxyl group is not visible in AC’s spectra [44].
FTIR study of AC/TiO2 nanoparticles shows the shift
in the OH vibration band toward lower wave num-
ber (3,400 cm−1) when compared to that correspond-
ing to TiO2. These shifts confirm the alteration of
acid–base characteristics of OH group in the used
samples. The bands below 1,000 cm−1 represent
Ti–O–C, indicating a weak conjugation between Ti–O
bonds and AC [45]. The peaks obtained in the Four-
ier transform infrared analysis (FT-IR) spectra of cata-
lysts prior and after the degradation were almost
similar (as shown in Fig. 4).

3.2. Optimization of catalyst

Two photocatalysts were prepared by calcinating
at two different temperatures, viz., 350 and 250˚C.
Thereafter, a plot between concentration and time for
a given sample of DB-199 was made. It could be easily
inferred that catalyst calcined at 350˚C was more effec-
tive (as shown in Fig. 5) for a given set of reaction
conditions under constant UV irradiation. This is due
to the fact that at higher temperatures, the crystallinity
is improved and hence, increasing the photocatalytic
activity [46].

3.3. UV–vis spectrum analysis of the dye

The maximum absorbance values were determined
by scanning absorbencies in 200–800 nm wavelengths
using a Systronics’ UV Spectrophotometer. The maxi-
mum absorbance peak between 200 and 400 nm shows
the aromatic content in the dyes, while the peaks
obtained in the range of 400–800 nm show the absorp-
tion in the visible range [47,48]. This spectrum analy-
sis result was used in determining the wavelength
(λ = 635.4 nm) for optical density measurement.

3.4. Photocatalytic, sonocatalytic and sonophotocatalytic
decolorization of dyes: mathematical modeling and reaction
kinetics

3.4.1. Photocatalytic decolorization of Direct Blue-199
(DB-199)

The reaction of DB-199 in presence of AC/TiO2

nanocomposite and UV irradiation is an example of
heterogeneous catalysis. Rate laws in such reactions
seldom follow proper law models and hence are
inherently more difficult to formulate from the data. It
has been widely accepted that heterogeneous catalytic
reactions can be analyzed with the help of Langmuir–
Hinshelwood (LH) Model [43–49], with the following
assumptions being satisfied, (i) there are limited num-
ber of adsorption sites on the catalyst and its surface
is homogeneous, (ii) only one molecule can be
adsorbed on one site and monolayer formation occurs
(as in chemisorptions), (iii) the absorption reaction is
reversible in nature, and (iv) The adsorbed molecules
do not react amongst themselves [49–52]. According to
LH Model, following steps take place in the kinetics
mechanism [53–55].

Step 1

D Dye
� �þ C catalyst

� � $ D:C

Fig. 2. XRD spectra of (A) activated carbon, (B) TiO2, (C)
AC/TiO2 calcined at 250˚C and (D) AC/ TiO2 calcined at
350˚C.

P. Singh et al. / Desalination and Water Treatment 57 (2016) 20552–20564 20555



Fig. 3. SEM image (A) TiO2, (B) activated carbon, and (C) AC/TiO2 composite.

Fig. 4. FT-IR spectra of TiO2/AC nanocomposite (A) after degradation and (B) before degradation of dye.
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Adsorption of dye onto the catalyst surface.

Step 2

D:C $ E:CþOther products

Surface reaction

Step 3

E:C $ Eþ C

Desorption of products from the surface.
A control experiment was first carried out under

two conditions, vis (i) dye + UV (no TiO2) (ii)
TiO2 + dye in dark without any irradiation (Fig. 6). It
can be seen that under dark conditions, after 25 min
the amount of catalyst adsorbed becomes constant i.e.
equilibrium adsorption is achieved. For the kinetic
study of bleaching of DB-199, the initial concentration
of the dyes was varied and the experiments were
first conducted in dark for 25 min and then immedi-
ately followed by UV irradiation (Fig. 7). The amount
of catalyst was kept constant (0.5 gm/L) throughout
the experiment.

3.4.1.1. Absorption of dye onto the catalyst. Since the
TiO2 will be covered by both DB-199 (C) as well as
water molecules (Cwater) by hydrogen bonding, their
competition for the active sites cannot be ignored.
Langmuir’s adsorption model can be applied to the
aqueous solutions of dyes with the help of the
following expression:

h ¼ Dt

Dmax
¼ KAC

1þ KACþ KwaterCwater
(2.1)

where h is the fractional sites covered by the dye, Dt

is the absorbed quantity of dye at any time, Dmax

shows the maximum quantity of dye that can be
adsorbed, KA is the Langmuir adsorption constant for
reactant, Kwater is the adsorption constant for water.
The value of Cwater >> C, hence Cwater remains almost
same throughout the reaction and the catalyst cover-
age by water molecules remains almost constant.
Thus, we can ignore the quantity Kwater, Cwater and
rewrite Eq. (2.1) as:

h ¼ KAC

1þ KAC
(2.2)

The quantity adsorbed at a particular time can also be
expressed as:

Dt ¼
Reactor volumeð Þ � Change in concentration

� �
Mass of catalyst

(3)

The equilibrium adsorption quantity Deq can be
written as:

Deq ¼ Dmax
KACeq

1þ KACeq

� �
(4)
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Fig. 5. Graph showing the change in concentration vs. time at two different calcination temperatures of the catalyst (250
and 350˚C).
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where Ceq is the equilibrium concentration of the dye.
On transforming Eq. (4), a function can be derived as
follows: Ceq=Deq ¼ fðCeqÞ

Ceq

Deq
¼ 1

KADmax
þ Ceq

Dmax
(5)

From (Fig. 8) the intercept on the vertical axis gives
1=KADmax and the reciprocal of slope gives Dmax. The

obtained parameters were tabulated as shown in
Table 1.

3.4.1.2. Photocatalytic degradation. Applying the Lang-
muir–Hinshelwood model for determining the oxida-
tion rate of the photocatalysis of dye:

Rate rð Þ ¼ �dC

dt
¼ kh ¼ h ¼ kKAC

1þ KAC
(6)

where k is the rate constant (mg/L min), C is the con-
centration of dye, KA is the adsorption constant of the
dye (L/mg), and t is the illumination time (min).

Fig. 6. Plot of change in concentration vs. time for (i) dye + UV, (ii) TiO2 + dye in dark.

Fig. 7. Change in concentration of dye vs. time in presence
of UV and AC/TiO2 (the initial concentrations were 50, 75,
100, 125, and 150 ppm).
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Fig. 8. Plot of ratio of equilibrium concentration to
equilibrium adsorption quantity vs. equilibrium concentra-
tion representing a straight line.
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During the course of reaction, the initial pH,
amount of catalyst, and photointensity were kept
same. In addition to it, the formation of intermediates
may interfere in the rate determination, hence the cal-
culations were done at the beginning of UV irradia-
tion. The rate expression can be written as:

ro ¼ kKACo

1þ KACo
(7)

where ro is the initial rate of degradation of DB-199,
Co is the initial concentration (almost equal to Ceq).
When the initial concentration Cinitial is very small, Co

will also be small and Eq. (7) can be simplified as an
first-order equation [46–49,51]:

�dC

dt
¼ kKACo � ln

Co

C

� �
¼ kKAt (8)

C ¼ Coe
�kf ;photot

where

kf;photo ¼ kKA (9)

The value of kf,photo can be determined from the plot
of ln Co=Cð Þ vs. t. The slope of the straight line
obtained will be the value of first-order rate constant.
Table 2 shows the values of apparent rate constant for
DB-199 degradation.

Obtaining a linear transformation from Eq. (7), we
get 1=ro ¼ f 1=Coð Þ

1

ro
¼ 1

k
þ 1

kKACo
(10)

Also ro ¼ kfCo (11)

Using Eqs. (10) and (11) a linear regression of 1=ro vs.
1=Co was carried out and also a curve of ro (initial
rate) vs. Co (initial concentration) was made (Figs. 9

and 10). It can be clearly seen that initial rate of the
reaction increases with an increase in the increase
initial concentration. Also the linear plot of 1=ro vs.

Table 1
The parameters of adsorption characteristics of DB-199: KA

(Langmuir constant), Dmax (maximum adsorbable
quantity)

Parameter Value

KA (L/mg) 0.03856
Dmax (mg of dye/gm of catalyst) 45.8715
R2 0.9796

Table 2
Value of apparent rate constant at various initial
concentrations of dye solution for photocatalysis reaction

Cinitial (mg/l) kf (min−1) R2

50 0.01001 0.9809
75 0.00876 0.9760
100 0.00712 0.9805
125 0.00623 0.9913
150 0.00512 0.9645
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Fig. 9. Plot showing initial rate (ro) vs. concentration of
dye (Co).
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Fig. 10. Plot showing the linear variation of reciprocal of
initial rates vs. reciprocal of initial concentration.
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1=Co shows that L–H model is satisfied by the
reaction. Thus, it can be said that in photocatalytic
degradation of dye, initially adsorption of dye takes
place and then degradation reaction (surface reaction)
occurs.

The values of k and KA obtained (from slope and
intercept) were 1.135 min−1 and 0.016 L/mg, respec-
tively. The value of KA obtained from adsorption iso-
therm was not equal to KA obtained from the L–H
model. Ideally, KA½ �L–H¼ KA½ �adsorption, but in this case

Fig. 11. Change in concentration of dye vs. time with sonication and AC/TiO2 (the initial concentrations were 50, 75, 100,
125, and 150 ppm).

Fig. 12. Change in concentration of dye vs. time in presence of UV, sonication and AC/TiO2 (the initial concentrations
were 50, 75, 100, 125, and 150 ppm).
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KA½ �L–H¼ 0:414 KA½ �adsorption. Various explanations have
been attributed to this: (i) adsorption occurs at the sur-
face as well as in the bulk of the solution, (ii) non-ho-
mogeneity of the adsorption sites, (iii) adsorption of
more than one molecule at one adsorption site, and
(iv) deficiency of adsorption sites [43,46,47].

3.4.2. Sonocatalytic and sonophotocatalytic
decolorization of Direct Blue-199 (DB-199)

The change in concentration vs. time study was
done for the other two reactors too vis. sonocatalytic

and sonophotocatalytic as shown in (Figs. 11 and 12).
The amount of catalyst taken was same as that for the
photocatalysis reaction i.e. 0.5 gm/L.

Both these reactions were assumed to follow the
Langmuir–Hinshelwood Model. The value of kf
(apparent I order rate constant) for each process was
calculated using Eqs. (12) and (13) (at different
concentration of dye).

ln
Co

C

� �
¼ kf;sonot (12)

ln
Co

C

� �
¼ kf;sonophotot (13)

where kf,sono and kf,sonophoto are apparent rate constants
for sonocatalysis and sonophotocatalysis, respectively,
and t is time in minutes.

A comparative study was done as shown in
(Fig. 13). It can be seen clearly that rate constant of
sonophotocatalysis which is the highest followed by
sonocatalysis and photocatalysis being the least.

Thus, kf ;sonophoto [ kf;sono [ kf;photo

3.5. Efficiency of the reactors

Degradation comparison: to determine which of
the aforementioned processes is the most efficient in
terms of degradation efficiency, experiments were car-
ried out at a fixed concentration of dye (100 mg/l).
The reactions were conducted in the three reactors
and the % degradation vs. time plot was drawn for
each (as shown in (Fig. 14). The sonophoto catalytic
reactor was the fastest to degrade the sample of dye.
It was followed by sonocatalytic and photocatalytic
reactors. However, higher degradation rate is not the
only criteria for choosing the reactor, the energy con-
sumed must also be considered.
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Fig. 13. Histogram showing the apparent first order rate
constants for the three reactors.
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Fig. 14. Degradation (%) vs. time for the photocatalytic,
sonocatalytic and sonophotocatalytic reactors.
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Fig. 15. Graph showing the power consumption by
photo-catalytic, sonocatalytic and photo- and sonocatalytic
reactor.
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3.5.1. Energy efficiency

The Perkit India’s Photochemical Reactor
(λ = 185 nm), consisting of 8 Phillips (TUV 8W T5 G8)
mini lamps, with wattage 196 W was used. The
sonocatalytic reactor (Hielsher Ultrasound Technol-
ogy) had an power consumption of 440 J/s and fre-
quency 26 kHz. The combined reactor (sono- and
photocatalytic) operated at wattage of 636 W as shown
in (Fig. 15). For the purpose of comparing, the each
reactor’s practical feasibility a reactor performance fac-
tor [f] was defined as shown in (Eq. (14)). This factor
holistically comprises the % degradation, total
time consumed in degradation and total energy
consumption by the reactor.

f ¼ % Degradation
� �� time

Total energy consumed
(14)

On comparing the data in Table 3, the overall reactor
performance factor was found to be highest for photo-
catalytic reactor with a value of 7.93. It can be attribu-
ted to the very low power consumption by
photocatalytic reactor as compared to sonocatalytic and
photosonocatalytic reactor. Thus, further work can be
ensued upon to exploit the given reactor’s degradation
potential in wastewater treatment units, especially in
those which treat wastewater-containing dye.

4. Conclusions

In this work, degradation analysis of DB-199 dye
was done. A catalyst, TiO2 loaded on activated
charcoal, was prepared in the process and its
characterizations showed an even distribution of TiO2

on the catalyst’s surface. The catalyst’s calcinations
temperature was also optimized and was found to be
nearly �350˚C. A first-order reaction kinetics was then
developed for the catalytic oxidation of dye using L–H
model. Following were the salient points of the
experiments:

(1) The results suggested that degradation of DB-
199, via photocatalytic, sonocatalytic and
sonophotocatalytic reactions, under optimized
working conditions followed L–H model
satisfactorily.

(2) These three reactors used for the degradation
of dye were tested on the basis of bleaching
rates as well as energy consumption. Photocat-
alytic reactor was found to be the best option
amongst the three reactors used.

(3) The contribution of intermediates formed dur-
ing the reaction is not considered in the above
kinetics study; however, there have been
reports on competitive involvement of interme-
diate products during the photochemical pro-
cess. Thus, for further development of reaction
kinetics model, role of intermediates can be
involved.

Table 3
The amount of energy consumed, % degradation in 30 min and the overall reactor performance factor (f) by the various
reactors

Type of reactor Total energy consumed (kJ) Degradation ð%Þ (after 30 min) f ¼ ð% DegradationÞ � time ðminÞ
Total energy consumed ðkJÞ

Photocatalytic 348 92 7.93
Sonocatalytic 660 94 4.27
Sono-photocatalytic 763.2 98 3.85

Symbols and Abbreviations

AC/TiO2 — TiO2 loaded on activated charcoal
US — ultrasonication
UV — ultraviolet irradiation
θ — fractional sites covered by the dye over the

catalyst
Dt — absorbed quantity of dye at a particular

time
Dmax — maximum quantity of dye that can be

adsorbed
KA — Langmuir Adsorption constant for reactant
Kwater — adsorption constant for water
Deq — equilibrium adsorption quantity
Ceq — equilibrium concentration of the dye
ro — initial rate of reaction
r — rate of reaction at any concentration
kf,photo — apparent first-order rate constant for

photocatalytic reaction
kf,sono — apparent first-order rate constant for

sonocatalytic reaction
kf,sonophoto — apparent first-order rate constant for

sonophotocatalytic reaction
[f] — reactor performance Factor
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Kornowski, G. Grübel, H. Weller, Determination of
nanocrystal sizes: A comparison of TEM, SAXS, and
XRD studies of highly monodisperse CoPt3 particles,
Langmuir 21 (2005) 1931–1936.

[43] M.M. Ba-Abbad, A.A.H. Kadhum, A.B. Mohamad,
M.S. Takriff, K. Sopian, Synthesis and catalytic activity
of TiO2 nanoparticles for photochemical oxidation of
concentrated chlorophenols under direct solar radia-
tion, Int. J. Electrochem. Sci 7 (2012) 4871–4888.

[44] M. Hema, A.Y. Arasi, P. Tamilselvi, R. Anbarasan,
Titania nanoparticles synthesized by sol–gel tech-
nique, Chem. Sci. Trans. 2 (2013) 239–245.

[45] B. Tryba, A.W. Morawski, M. Inagaki, A new route
for preparation of TiO2-mounted activated carbon,
Appl. Catal. B: Environ. 46 (2003) 203–208.

[46] S. Yang, X. Yang, X. Shao, R. Niu, L. Wang, Activated
carbon catalyzed persulfate oxidation of Azo dye acid
orange 7 at ambient temperature, J. Hazard. Mater.
186 (2011) 659–666.

[47] H. Lachheb, E. Puzenat, A. Houas, M. Ksibi, E.
Elaloui, C. Guillard, J.M. Herrmann, Photocatalytic
degradation of various types of dyes (Alizarin S,
Crocein Orange G, Methyl Red, Congo Red, Methy-
lene Blue) in water by UV-irradiated titania, Appl.
Catal. B: Environ. 39 (2002) 75–90.

[48] G.A. Epling, C. Lin, Photoassisted bleaching of dyes
utilizing TiO2 and visible light, Chemosphere 46
(2002) 561–570.

[49] R.W. Matthews, Kinetics of photocatalytic oxidation of
organic solutes over titanium dioxide, J. Catal. 111
(1988) 264–272.

[50] M. Vautier, C. Guillard, J.M. Herrmann, Photocatalytic
degradation of dyes in water: Case study of Indigo
and of Indigo Carmine, J. Catal. 201 (2001) 46–59.

[51] J. Cunningham, G. Al-Sayyed, S. Srijaranai, Adsorp-
tion of model pollutants onto TiO2 particles in relation
to photoremediation of contamined water, in: G. Helz,
R. Zepp, D. Crosby D., J. Photochem. Photobiol., A,
Lewis Publs., CRC Press, Boca Raton, Florida, Chap.,
22, 1994, pp. 317–348.

[52] E. Vulliet, J.M. Chovelon, C. Guillard, J.M. Her-
rmann, Factors influencing the photocatalytic degra-
dation of sulfonylurea herbicides by TiO2 aqueous
suspension, J. Photochem. Photobiol. A: Chem. 159
(2003) 71–79.

[53] N. Guettaı, H.A. Amar, Photocatalytic oxidation of
methyl orange in presence of titanium dioxide in
aqueous suspension. Part II: Kinetics study, Desalina-
tion 185 (2005) 439–448.

[54] H. Scott Fogler, Elements of Chemical Reaction Engi-
neering, fourth ed., PHI Learning Private Limited.,
New Delhi-110001, 2011.

[55] D. Chen, A.K. Ray, Photocatalytic kinetics of phenol
and its derivatives over UV irradiated TiO2, Appl.
Catal. B: Environ. 23 (1999) 143–157.

20564 P. Singh et al. / Desalination and Water Treatment 57 (2016) 20552–20564


	Abstract
	1. Introduction
	2. Materials and method
	2.1. Source of dye
	2.2. Preparation of photo-catalyst
	2.3. Design of reactors

	3. Results and discussion
	3.1. Characterization of catalyst
	3.1.1. Brunauer Emmet Teller surface area analysis
	3.1.2. X-ray diffraction (XRD) analysis
	3.1.3. Scanning electron microscope analysis
	3.1.4. FTIR analysis

	3.2. Optimization of catalyst
	3.3. UV-vis spectrum analysis of the dye
	3.4. Photocatalytic, sonocatalytic and sonophotocatalytic decolorization of dyes: mathematical modeling and reaction kinetics
	3.4.1. Photocatalytic decolorization of Direct Blue-199 (DB-199)
	3.4.2. Sonocatalytic and sonophotocatalytic decolorization of Direct Blue-199 (DB-199)

	3.5. Efficiency of the reactors
	3.5.1. Energy efficiency


	4. Conclusions
	References



