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Abstract—A photo impinging streams cyclone reactor has been used as a novel apparatus in photocatalytic degrada-
tion of organic compounds using titanium dioxide nanoparticles in wastewater. The operating parameters, including
catalyst loading, pH, initial phenol concentration and light intensity have been optimized to increase the efficiency of
the photocatalytic degradation process within this photoreactor. The results have demonstrated a higher efficiency and
an increased performance capability of the present reactor in comparison with the conventional processes. In the next
step, residence time distribution (RTD) of the slurry phase within the reactor was measured using the impulse tracer
method. A CFD-based model for predicting the RTD was also developed which compared well with the experimen-
tal results. The RTD data was finally applied in conjunction with the phenol degradation kinetic model to predict the

apparent rate coefficient for such a reaction.
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INTRODUCTION

Effective removal of water pollution is essential in the water treat-
ment process. The pollution removal mechanisms can be classified
as chemical oxidation, biochemical treatment, activated carbon ad-
sorption and advanced oxidation processes (AOPs). Photo catalytic
technique is classified under AOPs. Such a process has attracted
considerable attention within the last few years due to its ability to
decompose a wide range of organic and inorganic pollutants at ambi-
ent temperature and pressure, without generation of harmful byprod-
ucts. [1-4]. In photocatalytic degradation processes, the catalyst sus-
pension method excels over the immobilized or supported catalyst
techniques due to the higher efficiency of the former method [5];
however, the requirement of the catalyst separation after the photo-
catalytic treatment may be regarded as a disadvantage.

In case of heterogeneous photocatalytic processes, the organic
compounds present in liquid phase are first degraded to their respec-
tive intermediates, and if the irradiation time is further extended are
finally mineralized to carbon dioxide and water, (Eq. (1)).

Organic Contaminants —2, Intermediate —> CO,+H,0

@

The overall photocatalytic reaction as described by Eq. (1) can be
divided into ve independent steps, [6,7]:

1. Mass transfer of the organic contaminant(s) (e.g., A) in the
liquid phase to the TiO, surface.

2. Adsorption of the organic contaminant(s) onto the photon acti-
vated TiO, surface (i.e., surface activation by photon energy occurs
simultaneously in this step).

3. Photocatalytic reaction for the adsorbed phase on the TiO, sur-
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face (e.g., A/B).

4. Desorption of the intermediate(s) (e.g., B) from the TiO, sur-
face.

5. Mass transfer of the intermediate(s) (e.g., B) from the inter-
face region to the bulk fluid.

According these steps, there are two essential issues in the case
of liquid phase reactions: photon transfer limitations and mass transfer
limitations. An ideally intensified reactor, however, should be able
to integrate both maximized light efficiency and mass transfer process
within a single piece of equipment. On the other hand, only when
both mass and photon transfer resistances are overcome can the intrin-
sic kinetic parameter be studied.

By application of impinging streams cyclone reactors both limita-
tions may be overcome simultaneously for the following reasons [8]:

(a) Increase in relative velocities between the phases.

(b) Increase in the residence time of particles due to oscillatory
motion within the impingement zone.

(c) Enhancement of the effective area for mass and heat transfer,
which could be nearly identical to the total surface of the particles
in the flow.

(d) Potential for excellent mixing within the impingement region,
which in turn enhances the overall mass and heat transfer rates.

Residence time distribution (RTD) in a reactor is an important
parameter required for design. In an impinging stream reactor, the
residence time of particles in the impingement zone is one of the
more important issues, as such a zone is the active region in enhanc-
ing heat and mass transfer between the phases. The RTD depends
on the flow hydrodynamics and the reactor geometry; it has major
influence on the reactor chemical performance criteria such as con-
version and yield.

The viability of computational fluid dynamics (CFD) for the design
and optimization of chemical reactors has been demonstrated exten-
sively for a wide variety of systems [9-13]. An increasing number
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of studies have reported the use of CFD modeling to estimate values
of important properties needed for reactor design, such as the mean
residence time of particles, hold-up and residence time distribution
in reactors [14-18].

Considering these issues, an impinging streams cyclone reactor
has been utilized as a novel apparatus in photocatalytic degradation
of phenol as representative organic compound. In the next step, the
RTD was simulated using CFD method, and the predicted results
compared well with the experimental data.

EXPERIMENTAL

1. Materials

Nanoparticle titanium dioxide (P25) was supplied by Degussa,
Germany; nanoparticle zinc oxide was provided by Nano Amor,
USA. Phenol with above 99.5% purity, Phenol test kit, Fe** test kit
and COD vials were all obtained from Merck Co. Potassium triox-
alatoferrate (II) trihydrate was provided by Alfa Aeser Company.
2. Analytical Procedures

The concentration of phenol was measured by visible spectro-
photometer (Dr 2800 Hach Co.) at a wavelength of 495 nm using
4-aminoantipyrine method. Owing to presence of TiO, powders in
the system, the samples were first filtered using a 0.22 pm syringe
filter (Millipore) to remove particles. In addition, the COD of solu-
tion was measured at a wavelength of 445 nm using COD vials.
The radiation intensity within the photoreactor was determined by
ferrioxalate actinometry following the method of Hatchard and Parker
[19].
3. Photo-reactor

In the first step, batch circulation photocatalysis experiments were
performed to determine the optimum operating conditions. A sche-
matic diagram of the photo-impinging streams reactor used in this
step is shown in Fig. 1(a). The apparatus consisted of a cylindrical
vessel made of Pyrex and equipped with eight low-pressure mer-
cury vapor lamps, with a dominant emission line at 253.7 nm (TUV
8W from Philips Co.) as irradiation sources at center line of the vessel.
The two streams of suspension (TiO,+Phenol Solution) were fed
through symmetrically positioned acceleration pipes. The acceler-
ated suspension feed streams impinged at the annular space and
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Fig. 1. Schema of photo-impinging streams cyclone reactor.

dropped instantly along the inner discharge tube down to the outlet
port.

In a typical experiment, the initial phenol concentration and the
amount of suspended TiO, were set at 100mg /"' and 1 g /', respec-
tively. A stream of air with a flow rate of 2 L min™' was continu-
ously supplied to the sturry solution. To prevent hole/electron for-
mation, prior to turning on the illumination, the catalyst was placed
in the feed reservoir at dark. The phenol solution was then added
and the suspension was saturated with air and stirred by pumping
the slurry in darkness for 30 min to establish an adsorption-desorp-
tion equilibrium. The lamps were then switched on and the suspen-
sion, after passing thorough the two nozzles, was irradiated with UV
light and collided in the impingement zone. Samples were regularly
withdrawn from the reactor and filtered to remove all the sus-
pended solid particles prior to analysis. The pH of the solution was
adjusted by adding 0.1 mol /' NaOH or H,SO, and monitoring with
a digital pH meter. The temperature of the photo reactor was main-
tained at 40+1 °C by a water-cooled jacket around the reactor and
feed reservoir.

4. Experimental RTD Determination

The residence time distribution, RTD, one of the major informa-
tive characteristics of the flow pattern in a chemical reactor, pro-
vides information on the duration of stay of various elements within
the reactor and allows for thorough comparison between systems
having different configuration of the reactor. For reactor design and
scale-up purposes, it is essential to have information on the RTD.

The simplest and most direct way of finding the RTD curve is a
physical or nonreactive tracer with pulse injection. In the present
study, bulk material was first fed into the reactor until steady state
was established. Reactive Black 8 dye as tracer was then injected
instantaneously into the inflow stream. Samples were collected at
the outlet of the reactor at regular time intervals. The disturbance to
the bulk flow caused by the injection of the tracer may be assumed
to be negligible. The collected samples were analyzed by uv-visible
spectrophotometer to determine the concentration of dye. By meas-
ured concentration of tracer at regular time intervals, the residence
time distribution curve, the variance (o%) and the mean residence
time (t,,) may be determined, using the following relations.

Ei: 27 : (2)
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These parameters may be made dimensionless, applying the follow-
ing relations:
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5. RTD Simulating Using CFD

A detailed geometric dimension of photo reactor is shown in Fig. 1.
The CFD software package, Fluent of ANSYS Package (V13.0),
was used to simulate the photo reactor. Design modeler of Ansys
software was used to create the 3D geometry of the photo reactor.
In the next step, meshing part of Ansys software was used to mesh
the 3D flow domain. To ensure grid independency of the results,
four meshes (285324, 349398, 622172 and 863360 elements) were
tested for the geometry. The k-£ model was used as turbulent model.
The boundary conditions for the CFD model were defined as fol-
lows. At the inlet, the mass flow rate of the fluid was specified. The
direction of the flow was defined normal to the boundary. The hy-
draulic diameter was fixed at 20 mm and the turbulence intensity
(TT) was set with values close to 5%. The TI was estimated based
on the formula TI=0.16 Re™"® [20]. At the outlet, a fully developed
flow (outflow) condition was applied. The standard wall function
was employed for the turbulent boundary layer in the wall region.

The solver was set up for unsteady state, coupled and implicit
model with considering gravity force to solve the governing equa-
tions, starting with second-order upwind formulation for the con-
verged solution. The SIMPLE method was chosen for the pressure-
velocity coupling. The convergence of the numerical solution was
ensured by monitoring the scaled residuals of continuity, X, y and z
velocities components, and the turbulence parameters to a value of
less than 10°°. A UDF was also written for injecting the impulse
tracer.

RESULTS AND DISCUSSION

Certain pertinent operating parameters in heterogeneous photo-
catalytic reactions are the type of catalyst, catalyst loading, sub-
strate concentration, pH and light intensity [21,22]. Stream flow
rates are a crucial parameter in the design of impinging stream reac-
tors. Investigation of the continuous treatment is essential for eval-
uation of the performance capability of the wastewater treatment
system.

1. Effect of Flow Rate

To study the effect of flow rate on the efficiency of the imping-
ing streams cyclone reactor, a range of flow rates (20, 30, 40, 50,
551 min") were applied. Results presented in Fig. 2 may indicate
that at low flow rates, the degradation of phenol did not exceed 20%
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Fig. 2. Effect of flow rate on photo catalytic degradation of phenol
(reaction time: 240 min). [PhOH].=100 mg /"', Catalyst load-
ing=1 g I'', Temperature=40 °C, pH=Natural value.
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after 4 hours. This may be explained by noting that at low flow rates,
the intensity of collisions is reduced and as such, the irradiation ab-
sorbed by the solution is decreased. Consequently, conversion is
low. While at higher flow rates the collision rate, turbulence of flow
and renewal of catalyst surface are all enhanced, and thus, the irradia-
tion absorbed by the slurry within a fixed period of time is pro-
moted. These phenomena lead to a higher degradation rate. Regarding
the results obtained, the optimum flow rate of phenol solution was
selected as 50 / min".
2. Type of Catalyst

A number of semiconductors have been were examined and ap-
plied as photocatalysts for the degradation of organic contaminants
[21,23,24]. Among the semiconductors employed, both TiO, and
Zn0O demonstrated a number of advantages as photocatalysts. These
compounds are inexpensive, non-toxic and highly effective [25].
Preliminary experiments were thus carried out to examine the activ-
ity of the selected catalysts for degradation of phenol. The results
indicated a higher photocatalytic activity of TiO, compared with
ZnO (Fig. 3). Hence, TiO, was selected as a suitable catalyst and
applied in the process. Optimization of certain key parameters of
the photodegradation of phenol was carried out using such a catalyst.
3. Effect of Catalyst Loading

To avoid an ineffective excess of catalyst within the system and
to ensure total absorption of efficient photons, the optimum mass
of catalyst has to be found [21,26,27]. To determine the optimal
loading of photocatalyst, various amounts of P25 TiO, (0.5-2.0 g 1)
were mixed with 100mg [' of phenol solutions. Fig. 3(a) shows
the results at natural pH value. In Fig. 3(a) UV irradiation in the
absence of TiO, catalyst (i.e., direct photolysis) results in a low re-
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Fig. 3. Effect of catalyst loading on the photo catalytic degrada-
tion of phenol, (a) TiO,, (b) ZnO. [PhOH].=100 mg /"', Tem-
perature=40 °C, pH=Natural value.
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moval of phenol. However, when TiO, loading was increased from
0.5 to 1 g, the photodegradation was enhanced from 81 to 94%
after 4 h. However, further increase in TiO, loading led to a slight
decrease in phenol removal.

Results from extensive studies have demonstrated that the rates
of photodegradation for organic pollutants are strongly affected by
the number of active sites and the photo-absorption ability of the
catalyst used [27,28]. Increased loading of the catalyst increases
the generation rate of electron/hole pairs and, thus, formation of
"OH radicals leading to the enhancement of photodegradation. On
the other hand, an excess of catalyst decreases the light penetration
due to shielding by the suspended particles [26,29], causing reduc-
tion of the rate of photodegradation. Such a rate reduction may be
also attributed to the screening effect of the redundant dispersion of
UV radiation as the result of substantial amount of suspended photo-
catalyst. Furthermore, under these conditions particles tend to agglom-
erate, making a significant fraction of the catalyst inaccessible to
either adsorbing the molecules or absorbing the radiation, with con-
sequent decrease in the active sites available to the catalytic reac-
tion. Thus, a balance exists between these two opposing effects that
result in an optimum catalyst loading of 1.0 g /' ZnO providing
the maximum efficiency.

Owing to the highly turbulent condition of slurry in this reactor,
increased loading of TiO, leads to formation of foam within the reac-
tor creating a pumping problem and reduces the photodegradation
rate.

4. Effect of pH

As expected, TiO, exhibits amphoteric behavior in aqueous media.
The point of zero charge (pzc) of TiO, P25, i.e., the point when the
surface charge density is zero, is reported to be between 6.2 and
6.8 [26,30,31]. This means that the surface of the catalyst is posi-
tively charged at pH<pH,.. (Eq. (6)), negatively charged at pH>pH,,.

\pzc

(Eq. (7)), and remains neutral at pH=pH,,:
TiOH+H"— TiOH; 6)
TIOH+OH — TiO+H,0 @)

where, TiOH;, TiOH, and TiO™ are the positive, neutral, and nega-
tive surface hydroxyl groups, respectively. Such a behavior signifi-
cantly affects not only the adsorption-desorption properties of TiO,
surface, but also the changes of the pollutant structure at various
pH values. In aqueous media, phenol has a pK, of 9.9 (at 25 °C),
indicating that in solutions with pH<P,,, phenol is in the molecular
form (C;H;OH). Whereas, at pH>P,,, the phenol molecule under-
goes deprotonation, becoming negatively charged (C;H,O) [26,27,
29]. Thus, electric charge properties of both catalyst and substrate
play an important role in the adsorption process, i.e., the interaction
and affinity between both TiO, and phenol will vary with the solution
pH.

The pH of the suspensions was varied to study the effect of this
parameter on the photocatalytic degradation of phenol. As it may
be observed from Fig. 4, decrease in pH from natural pH value (about
5.8) to 3.5 has no appreciable effect on the process. However, at
pH 11.5, the photoefficiency of the process decreases drastically,
and phenol removal becomes extremely slow. Under such condi-
tions, both catalyst and substrate are negatively charged and thus,
repulsive forces are generated between the two, leading to the reduc-
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Fig. 4. Effect of pH on the photo catalytic degradation of phenol.
[PhOH].=100 mg [, Catalyst loading=1 g /"', Temperature=
40 °C.

tion of substrate adsorption. With either acidic or basic conditions
of the starting solutions, it was observed that with continuation of
the reaction, the solution pH tended to neutral value. In addition,
with both acidic and neutral initial solutions the rate of degradation
was almost identical. However, when the initial solution was basic,
the rate of phenol removal was usually retarded. Such an observa-
tion may indicate an initial low acidic condition for effective phenol
degradation.
5. Effect of the Initial Phenol Concentration

It is important both from a mechanistic and an application point
of view to study the dependency of the photocatalytic reaction rate
on the substrate concentration. Thus, the initial phenol concentra-
tion (prior to the adsorption in dark) was varied from 20 to 100 mg
', Results showed that beyond this range of concentrations, any
increase in phenol quantity, may lead to the decrease in degradation
rate (Fig. 5). By increasing the phenol concentration, higher amounts
of reactant and reaction intermediates are adsorbed at the surface
of the photocatalyst, and thus the generation of hydroxyl radicals
declines due to the reduction in the number of active sites available
for adsorption of hydroxyl anions. On the other hand, when the phenol
concentration is low, while the catalyst loading and light intensity
are kept unchanged, larger numbers of active sites and hydroxyl
radicals are available to intermediates. As a consequence, the total
COD of solution decreases sharply (Fig. 6). In addition, during pho-
tocatalytic oxidation, the decomposition of the organic substrate is
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—+—=50mgl-1
20mgl-1

[PhOH]/[PhOH].
(=]
w
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Fig. 5. Effect of the initial concentration of phenol on the reaction
time. Catalyst loading=1 g /"', Temperature=40 °C, pH=
Natural value.
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Fig. 6. Effect of the initial concentration of phenol on COD re-
moval. Catalyst loading=1 g /', Temperature=40 °C, pH=
Free, (a) [PhOH].=100 mg /', (b) [PhOH].=50 mg /"', (c)
[PhOH].=20 mg ['".

dependent upon photonic efficiency. At high-substrate concentra-
tions, however, the photonic efficiency diminishes and the titanium
dioxide surface becomes saturated with the substrate and interme-
diates, leading to catalyst deactivation [32].
6. Effect of Light Intensity

The rate of photocatalytic reactions depends largely on the radia-
tion absorption of the photocatalyst. A review by Ollis et al. [33]
on the effect of light intensity upon the kinetics of the photocatalytic
process demonstrated that (i) at low light intensities (0-20 mW cm?),
the rate would increase linearly with increasing light intensity (first
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Fig. 7. Initial reaction rates as a function of light intensity. [PhOH].
=100 mg /"', Catalyst loading=1 g /"', Temperature=40 °C,
pH=Natural value.

order); (ii) at intermediate light intensities, beyond a certain value
(approximately 25 mW c¢m ), the rate would depend on the square
root of the light intensity (half order), and (iii) at high light intensi-
ties the rate would level off to become independent from the light
intensity. Such an observation may be interpreted as follows: at low
light intensity, reactions involving electron-hole formation predom-
inate while the electron-hole recombination is negligible. However,
as the light intensity is increased, electron-hole pair separation com-
petes with electron-hole recombination, retarding the reaction rate.

To study the influence of different light intensity on the photo-
catalytic degradation of phenol, the photoreactor was equipped with
eight low-pressure mercury vapor lamps. A number of experiments
were carried out, applying various light intensities generated from
2,4, 6 and 8 lamps. Radiation intensities were determined by ferri-
oxalate actinometry and are here presented as fractions of the initial
photonic flow. Within the range of intensities studied, the initial rates
were observed to change linearly with the photonic flow (Fig. 7).
The slope of the line shows reaction rate increasing versus increas-
ing of light intensity.
7. Experimental RTD

To perform RTD experiments, a circular plate divided into 80
equal cells was constructed. The plate was placed under the dis-
charge port of the reactor and was being driven at the selected speed
by means of an electric motor. Since UV light has no effect on the
hydrodynamics of the reactor, RTD studies were performed in the
absence of UV light in order to hinder any interaction between UV
light and the tracer. By measuring the concentration of tracer in each
cell, the age distribution [E(t)], the variance (o) and the mean resi-
dence time (f,,) can be calculated. Plots of E(t) versus nAt as the
experimental RTD curve are presented in Fig. 8.
8. CFD Simulation for RTD Determination

In Fig. 8, a comparison has been made between the results ob-
tained from simulated RTDs using different mesh type and the exper-
imental RTD. As it may be observed from this figure, 4™ mesh type
is independent from the number of cells of the grid and there is a
good correlation between the predicted data and those determined
by the experimental study for it. So, this CFD setup may be used
for case study of design parameter such as inlet velocity or nuzzle
diameter.

Fig. 9 shows the stream line patterns within the reactor. After the
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Fig. 8. Dimensionless RTD curves, experimental and simulated.

collision, a part of the flow rises and then breaks down from the
front of the reactor after twisting on the walls. It causes a second
peak to be created in the RTD curve.
9. Effect of Inlet Velocity

To investigate the effect of changes in inlet velocity on RTD and
mean residence time, three velocities, 0.6635, 1.327 and 2.654 m
s”!, were chosen. As can been seen in Fig. 10, with increasing inlet
velocity the tracer lead to outlet earlier and due to further twisting
of the fluid on the walls, the number of peaks in RTD becomes more.
Fig. 11 shows the changes of mean residence time due to inlet veloc-
ity. Increasing inlet velocity decreases mean residence time nonlin-
early.
10. Kinetic Study

The pseudo-first-order kinetics with an apparent first-order rate
constant is usually applied to describe the kinetics of photocatalytic

Fig. 9. Stream line patterns within the reactor.
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Fig. 10. Effect of inlet velocity on RTD.

reactions of aquatic organics [1,4,26,27,34].

—k Kt

S @®)

where, C,, is the initial concentration at t=0.
Concentration of phenol after the first pass of reactants through
the reactor may be calculated as follows [35],

Cp.= ] (CEA=3(C)),E, ©

A balance around the feed reservoir in Fig. 1 may be set up as follows:

_d(V4Cp)

m (10)

««««««

where V,, is the volume of phenol solution in feed reservoir and
Q,, is the volume flow rate of feed to the reactor.

0.200 (m)

e 0.200 (m) 0 1.
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Fig. 11. Effect of inlet velocity on mean residence time.

The above relation may be replaced by the finite difference form.
n+1 n
Cr -Cp

QUCp,,—Cp )=Vp 1n
where, t, is the mean residence time and n=t/.

Combining Eq. (9) and (11) and assuming a pseudo-first-order
kinetics,

Cn+1 ) _ B
L iy ot nn e (1- ) (12)
C;‘ Vi Vi
Therefore,
Cn+1 Q Q
P re —k,,, At r;
—=|[|=—t)e ™ ’E,-At+(1——t) (13)
C?,’ IZIVFZI‘: Vf
or
n+l
Qo ko Q.Y
1-X .= P, :(_rt wAE At (I—th) , At= tant (14
= =\ e T RA TG Areontant (19

Table 2. Comparison of present study with the reported data

Table 1. Apparent rate coefficients and SEEs

Phenol concentration (mg /") 100 50 20
k (min™") 0.0442  0.0815 0.1444
SEE 0.0122  0.0087  0.0060

Now, the apparent first-order rate coefficient may be determined
from the above relation for the reactions carried out in a PISCR. In
case of phenol degradation, certain experimental runs were carried
out with different initial concentrations of phenol.

To determine the apparent rate coefficient, the data predicted from
the proposed model were compared with those obtained experimen-
tally under identical operating conditions applying the Levenberg-
Marquardt non-linear regression method. The parameters were opti-
mized according to the following objective function:

SSE=YErr; =Y (X,-X,)’ (15)

where, SSE is the sum of the square errors for each component, X,
is the experimental conversions and X; is the conversion values cal-
culated from Eq. (14). In Table 1 the apparent rate coefficients and
sum of the square errors are presented for optimum condition. The
estimated values are much higher than those available in the litera-
ture [1,4,26,27,34,36]. The results of the present study and reported
data are compared in Table 2. This may be explained by the severe
mass transfer limitations affecting the performance of conventional
reactors.

CONCLUSION

Regarding the present observations, it seems that by application
of a photo-impinging streams cyclone reactor (PISCR) the photon
and mass transfer limitation are both eliminated, leading to a higher
efficiency for phenol degradation. Results showed that during 4 h
reaction time in presence of TiO,, phenol was completely decom-
posed. With regard to the higher concentration of phenol (3 L solu-
tion containing 100 mg L' phenol) and the lower degradation time
observed in the present study in comparison with reported data [1,
24,26,27,36] the higher performance capability of the PISCR may

Solution Phenol Catalyst . .
. . . Time of Conversion K,
Light source volume  concentration loading . 7 References
1 o degradation % (min™")
ml mg [ gl

Eight low-pressure mercury vapor lamps 3000 100 1/Tio2 4h 96.4 0.0442  This work
(8 W, 253.7 nm)

A high-pressure mercury lamp 800 48 1/Tio2 3h 50 0.0049 26
(400 W, 365 nm)

A Heraeus TNN 15/32 low-pressure 800 50 1/ Tio2 4h 100 0.0204 27
mercury vapor lamp (253.7 nm)

Sixteen phosphor-coated low-pressure 360 100 1/ Tio2 35h 100 0.02 1
mercury lamps (300 nm) (3*120)

A medium-pressure mercury lamp 200 94 1/ Tio2 4h 98.4 0.0151 34
(125 W, 254 nm)

A high-pressure mercury lamp 800 67 1/ Tio2 3h 35 0.0027 36

(400 W, 365 nm)

February, 2014
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be established.

The photocatalytic process is influenced by several design and
operating parameters, including feed flow rate, catalyst loading, ini-
tial phenol concentration, pH of the medium and irradiation inten-
sity. The maximum degradation rate of phenol was observed in case
of approximately neutral solutions.

RTD of the photo-impinging streams cyclone reactor has been
determined experimentally by impulse tracer analysis. The CFD
method can be used as a proper tool for simulation and optimiza-
tion of the processes carried out in PISCR. A good correlation was
observed between the predicted and experimental RTD.

The RTD data was used in conjunction with phenol photo de-
gradation rate equation to predict the rate coefficient of this reac-
tion conducted in a photo-impinging system as the chemical reac-
tor. The estimated values were much higher than those available in
the literature. The lower values for the apparent rate coefficients
determined under conventional conditions, may be related to the
limitations imposed by the external and internal diffusion resistances
on the overall rate of reaction and, hence, on the apparent rate coef-
ficients. Whereas, in impinging streams systems, mass transfer resis-
tances are expected to be substantially lower than those present in
conventional apparatus.

REFERENCES

1. S.Ray, J. A. Lalman and N. Biswas, Chem. Eng. J.,150, 15 (2009).
2. M. B. Ray, J. P. Chen, L. K. Wang and S. O. Pehkonen, Handbook
of Environmental Engineering, Volume 4, Advanced physicochemi-
cal treatment processes, Chapter 14, Advanced Oxidation Processes,
Springer (2007).
3. F. Shahrezaei, Y. Mansouri, A. A. L. Zinatizadeh and A. Akhbari,
Powder Technol., 221, 203 (2012).
4. K. Elghniji, O. Hentati, N. Mlaik, A. Mahfoudh and M. Ksibi, J.
Environ. Sci., 24,479 (2012).
5. D. Gumy, A. G Rincon, R. Hajdu and C. Pulgarin, Sol. Energy, 80,
1376 (2006).
6.J. M. Herrmann, Catal. Today, 53, 115 (1999).
7. H.S. Fogler, Elements of Chemical Reaction Engineering, Pren-
tice-Hall PTR Inc., 581 (1999).
8. S. J Royaee and M. Sohrabi, Desalination, 253, 57 (2010).
9. L. Hjertager, B. H. Hjertager and T. Solberg, Comput. Chem. Eng.,
26,507 (2002).
10. D. L. Marchisio and A. A. Barresi, Chem. Eng. Sci., 58,3579 (2003).
11. D. A. Sozzi and F. Int. J. Heat Fluid Flow, 27, 1043 (2006).
12. V. V. Ranade, Computational flow modeling for chemical reactor
engineering, Academic Press, New York (2002).
13. S.J. Wang, S. Devahastin and A. S. Mujumdar, Appl. Therm. Eng.,

26, 519 (2006).

14. F. Ghirelli, S. Hermansson, H. Thunman and B. Leckner, Prog. Com-
put. Fluid Dyn., 6,241 (2006).

15. S. Vedantam, J. B. Joshi, S. B. Koganti, Ind. Eng. Chem. Res., 45,
6360 (2006).

16. V. A. Atiemo Obeng, E. L. Paul and S. M. Kresta, Handbook of
industrial mixing: Science and practice, Wiley-IEEE (2004).

17. B. S. Choi, B. Wan, S. Philyaw, K. Dhanasekharan and T. A. Ring,
Ind. Eng. Chem. Res., 43, 6548 (2004).

18. B. S. Choi, B. Wan, S. Philyaw, K. Dhanasekharan and T. A. Ring,
Residence time distributions in a stirred tank-comparison of CFD
predictions with experiment, in: Proceedings of the AIChE Annual
Meeting (2007).

19. C. G Hatchard and C. A. Parker, Proc. R. Soc., London, Ser: 4,235,
518 (1956).

20. J. Esteban Duran, Chem. Eng. Sci., 65, 1201 (2010).

21. T. V. Gerven, G Mulc, J. Moulijn and A. Stankiewicz, Chem. Eng.
Process, 46, 781 (2007).

22.J. M. Herrmann, Top. Catal., 34, 49 (2005).

23. 1. K. Konstantinou, V. A. Sakkas and T. A. Albanis, Water Res., 36,
2733 (2002).

24. S. K. Pardeshi and A. B. Patil, Sol. Energy, 82, 700 (2008).

25.S.Li, Z. Ma, J. Zhang, Y. Wu and Y. Gong, Catal. Today, 139, 109
(2008).

26. C. H. Chiou, C. Y. Wuand R. S. Juang, Chem. Eng. J., 139, 322
(2008).

27. C.G SilvaandJ. L. Faria, J. Mol. Catal. A: Chem., 305, 147 (2009).

28. S. Lathasree, A. N. Rao, B. SivaSankar, V. Sadasivam and K. Ren-
garaj, J. Mol. Catal. A: Chem., 223, 101 (2004).

29. A. Sobczynski, L. Duczmal and W. Zmudzinski, J. Mol. Catal. A:
Chem., 213,225 (2004).

30. K. Pujara, S. P. Kamble and V. G Pangarkar, Ind. Eng. Chem. Res.,
46, 4257 (2007).

31. S. Sakthivel, B. Neppolian, M. V. Shankar, B. Arabindoo, M. Palan-
ichamy, V. Murugesan, Sol. Energy Mater: Sol. C., 77,65 (2003).
32.J. Aran, J. L. M. Nieto, J. A. H. Melian, J. M. D. Rodriguez, O. G
Diaz, J. P. Pema, C. A. Bergasa and J. Mendez, Chemosphere, S5,

893 (2004).

33. D. F. Ollis, E. Pelizzetti and N. Serpone, Environ. Sci. Technol., 25,
1523 (1991).

34. S.N. Hosseini, S. M. Borghei, M. Vossoughi and N. Taghavinia,
Appl. Catal. B: Environ., 74, 53 (2007).

35. M. Sohrabi and M. Ahmadi Marvast, Ind. Eng. Chem. Res., 39,
1903 (2000).

36. C. H. Chiou, C. Y. Wuand R. S. Juang, Sep. Purif. Technol., 62, 559
(2008).

Korean J. Chem. Eng.(Vol. 31, No. 2)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


