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for dye degradation in newly designed multi-layer cyclindrical
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Abstract: A new Ag-Al/ZnO nano-photocatalyst has been synthesized by doping technique for degradation of
Reactive Blue 19 (RB19) under UV irradiation. The photocatalytic activity of the synthesized nanocatalyst has
been investigated in a newly designed multi-layered cylindrical reactor. The Al-Ag/ZnO nano-photocatalyst has
much more photocatalytic activity as compared to the ZnO and Ag/ZnO at similar operating conditions. It is
found that the photocatalytic degradation using the newly synthesized nano-photocatalyst follows pseudo first
order kinetic model. The electrical energy consumption with the nano-photocatalyst used in this work is much

lower than that in the other alternative processes.
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Introduction

Environmental effects of synthetic dyes that are
consumed in chemical industries have important
issues which need to be under serious consideration.
Most dyes pollutions come from textile wastewater
12 and about 10-20 % of dyes are directed to the
rivers 2. Different methods are used for wastewater
purification such as chemical, physical, and
biological operations. Recent developments in the
domain of chemical water treatment have led to an
improvement in oxidative degradation procedures to
remove organic materials in
wastewater by oxidation through  catalytic  and
photochemical methods. They are generally referred
to as advanced oxidation processes (AOPs) which
are chemical treatment methods for degradation of
organic components from water *> In AOPs
techniques, generation of the hydroxyl radicals (OH")
has an important role in oxidation and degradation of
dye components to simple mineral ingredients 2.
One of the best oxidation processes is photocatalytic
degradation of organic compounds using special
photo sensitive catalysts such as TiO; or ZnO under
ultraviolet (UV) or light irradiation "8, ZnO is a
donor transition classified as an n-type semi-
conductor. Its admirable features like thermal
stability and high transparency make it a valuable
material for photocatalysis, chemical sensors, gas
sensors, biosensors, solar cells, electrochemical cells,
electrical and optical devices. Moreover, the band
gap of ZnO is about 3.37 eV at room temperature °
*Corresponding author: Mohammad Ebrahim Olya
E-mail address: olya-me@icrc.ac.ir

DOI: http://dx.doi.org/

with electron mobility around 115-155 cm?Vv-1S+
which is comparable to TiO, photocatalyst °. There
are different papers regarding doping materials such
as Mg 1, Cd 2, Sn 3, Al ** and Ag with ZnO. It is
reported that an increase in Ag concentration
increases the photocatalytic activity of ZnO 5,
Ahmad et al. have improved the synthesis of Al/ZnO
(AZO) with combustion method and found
maximum band gap in the range of 3.12 to 3.21 eV
with different aluminum molar concentrations (0.5-
6.0%) 16:17,

Various methods have been used for ZnO crystal
growth such as sol-gel technique 8, pulsed laser
deposition °, plasma-assisted approach %°, thermal
CVD 2 and hydrothermal process 22. Many of the
aforementioned synthetic methods use structure
directing agents for the morphology and properties
improvement. Different morphology of ZnO have
been reported, nanoflowers 2, quasi spherical 2,
nanogranule %, capsule like %, nano ribbons, nano
tubes and etc. Each of the mentioned morphology
has its own significance for the catalytic and
industrial applications . All of the aforementioned
methods can be used to incorporate an impurity in
ZnO crystal structure.

However the unfavorable high synthesis
temperature and serious technical complications are
challenging matters. Recently, the application of
microwave energy with the solution combustion
reaction for synthesis of powders is introduced 2.
Because of the low cost, energy saving and reduced
processing time, the microwave technique has got
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wide applications in material synthesis 2%%,
Moreover, in the chemical industry it is prefered to
use the continuous operation in dealing with large
quantities of materials 3. Semi-continuous reactors
as a lab equipment seem to be specifically suited for
achieving degradation of dyes. Most of the earlier
studies have been conducted in batch reactors using
dye solutions and very few reports are available on
treatment in semicontinuous reactors.

In this study, Ag and Al doping materials have
been incorporated in the ZnO nanoparticle and the
resulting nano-photocatalyst (Ag-Al/ZnO) has been
synthesized, characterized and tested in a new multi-
layered cylindrical photoreactor. The photocatalytic
activity of the synthesised nanocatalyst is examined
by photo-degradation of Reactive Blue 19 (RB19); a
toxic wastewater dye widely used in wool textile,
food and cosmetics; as a representive toxic dye in
industrial wastewater, under UV irradiation in a new
designed multi-layered cylindrical reactor. To the
extent of our knowledge, there are few papers that
talk about synthesis of Ag and Al co doped ZnO
regarding to degradation of RB19.

Experimental Section

Materials

Zinc nitrate hexahydrate (Zn(NOs)2.6H20),
Silver  nitrate (AgNOgz), Aluminum nitrate
(AI(NOa)3) , glycine and glucose as the ingredients
of the final products. Hydrogen peroxide (H20),
H2SO. and NaOH solutions are provided from Merck
chemicals. The dye (Reactive Blue 19; C.I. 61200)
which has been used for photocatalytic testing of Al-
AQ/ZnO is purchased from Alvan Sabet chemical
company (Tehran, Iran).

Synthesis of nano photocatalyst

Hydrothermal process with the assistance of
microwave oven has been used to synthesize Ag-
Al/ZnO. Zinc nitrate hexahydrate [Zn (NO3)..6HO
(Merck, 99.5%)], Aluminum nitrate nona hydrate,
[Al (NO3).9H,O (Merck, 99%)] and Silver nitrate
[AgNOs (Merck, 99.8%)] have been used for the
synthesis operation. About 5 g Zn (NOs)..6H,0 and
0.2 g AgNO; were dissolved completely in deionized
water at 25 °C. Stoichiometric amounts of glucose
and glycin have been added as fuel solution.
Different amounts of Al (NO3).9H,0 was added and
stirred slowly to prepare level mixture. The mixture
is heated to about 70-100 °C to avoid reaction before
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a viscous gel appears. A beaker containing of
provided gel was placed into a microwave oven
(900 W, 2450 MHz, LG) and after 60 s of
continuously irradiation, a foamy porous powder is
obtained. The synthesized catalysts contain 7 mol%
of Ag (related to ZnO) and set with 1, 3 and 8 mol%
of Al (related to ZnO) respectively.

Photocatalytic reactor

All the experiments have been carried out in a
multi-layered cylindrical photocatalytic reactor
which has been designed by the authors as shown in
Figure 1. The reactor layers are assembled with
quartz glass to maximize the UV light transfer. For
maximum irradiation, the reactor is covered with
aluminum foil. An UV lamp (Osram Sylvania
G15T8 15W 18" UV Germicidal Lamp) with the
length of 420 mm is placed at the middle of the
reactor to avoid contact with water solution. The
total irradiated surface area and light distribution
within the reactor can be optimized by adjusting the
position of all cylinders 2. The diameters of
external, middle and internal quartz cylinders are
about 85 mm, 75 mm and 65 mm respectively. The
reactor is 400 mm long with the total internal volume
of 1805 ml.

Appropriate amount of photocatalyst solution
has been sonicated to decrease the particles size and
increase the surface area of catalyst 28. The mixtures
of catalyst and dye are circulated in the reactor. The
UV lamp is turned on and 4 mL samples are taken at
specific time intervals and centrifuged to separate the
suspended  catalyst particles. The RB19
concentration is measured with an UV-Vis
spectrophotometer (Model: Perkin-Elmer lambda 25)
and the amount of carbon bound is measured by
TOC Analyzer (Shimadzu TOC-L CSH E200). The
decolorization activity and mineralization percentage
of organic compound can be calculated as follows:

Decolorization efficiency = (1— AA) x100 (1)

TOC
ocC,

Mineralizationpercent= (1 — )x100 (2

Where A and A, are the dye concentration at time
t and t=0 respectively and TOC and TOC, are total
organic carbon at time t and t=0 respectively.
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Figure 1. A schematic diagram of the designed photocatalytic reactor: Outer, middle and inner quartz cylinder in
brown, green and red respectively. The UV lamp in yellow and the direction of the flow in each cylinder in
colored arrows.

Analytical Methods

The composition of synthesized doped ZnO
powder has been characterized by Fourier-transform
infrared (FTIR) spectroscopy using a Perklin-Elmer
spectrometer. X-Ray diffraction (XRD) patterns are
performed at Cu-Ko (A=1.54056 A°) radiation with
diffraction angle (26) range of 10° to 100° and a
typical step size of 0.026° to identify crystalline
phase. The surface morphology is observed with
scanning electron microscopy technique (SEM)
using the LEO 1455vp apparatus. Kinetics study of
RB19 decolorization process and photocatalytic
activity of treated ZnO have been investigated by
ultraviolet-visible (UV-Vis) absorption double beam
spectrophotometer (Perklin-Elmer lambda 25 Model)
over a wavelength range of 200 nm to 800 nm.

Result and Discussion

Characterization

Characterizations  of  synthesized  nano-
photocatalyst by XRD, FTIR and SEM are presented
in the following sections.

XRD Analysis

X-ray diffraction patterns of ZnO, Ag /ZnO and,
Ag- Al/ ZnO are presented in Figure 2. The XRD
peaks of ZnO correspond to an index card number
(01-076-0704) suggesting the existence of wurtzite
structure with hexagonal crystal lattice. The index
peaks of ZnO can be noted as 31.7 - 34.4 - 36.25 -
47.5 - 56.6 and 62.9 degrees that are related to (100),
(002), (101), (102), (110), (103) surfaces. According
to Scherer equation:

D~ kA )
pCoso

The calculated crystal lattice size of ZnO sample
is about 45.7 nm. In Eq. (3), D is the average

crystallite size (nm), k is a constant equal to 0.89, A
is the X-ray wavelength equal to 0.154056 nm, B is
the full width at half maximum intensity and h is the
half diffraction angle. Incorporation of silver nitrate
into the ZnO structure leads to the formation of
metallic silver as a minor phase ((JCPDS card no:
01-080-0998) and the crystallite size is decreased to
43.6 nm due to the doping operation. Because of the
limited solubility of silver ions in the zinc oxide
structure, the creation of metallic silver and silver
oxide peaks can be seen at 37.9°. Aluminum as a
second dopant decreases the lattice size of Ag-
Al/ZnO to about 42.4 nm. Increase in crystal size can
be attributed to the limited solubility of AI® * ions
into the ZnO structure *.
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Figure 2. The XRD patterns of the pure ZnO
Ag/ZnO , Ag-Al co doped ZnO photocatalysts
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FTIR Analysis

Doping of metals into zinc oxide changes the
intensity of peaks as it can be seen in all samples
(Figure 3). Therefore in all cases the peaks of 3000
cm! to 3440 cm corresponding to the OH groups in
a significant condition, produce an electron and a
hole in the surface of ZnO. The electron transfers
and reacts with free radicals available in the dye
which leads to the photocatalytic oxidation of the
dye *. The bands at 2900 cm™ and 2930 cm™ are
attributed to C-H bending and stretching mode and
the peaks around 2300 cm™ relate to C-N bonding,
which are related to the presence of glucose and
glycin as fuels solution in synthesis procedure 37:%,
The broad absorption in the range of 1640 cm? is
assigned to the bending vibration and stretching
mode of water and hydroxyl groups on the surface of
the samples. The peaks from 458 cm™ to 467 cm*
represent the stretching vibration of Zn-O in all cases
%, On doping with silver, stronger and wider
absorption bands are observed and shown in Figure
3(a) in the region of ~ 723 cm™ %,
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The intensity of the peaks in the range of 1070
cmi- 1100 cm in Figure 3b is related to the Al-O
formed bonds 4.
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Figure 3. FTIR spectra of (a) Ag/ZnO (b) Ag-Al co
doped ZnO (c¢) ZnO photocatalysts
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Figure 4. SEM images of ZnO (A), Ag madified ZnO (B) and Ag-Al co doped ZnO nanoparticles (C,D)

SEM Analysis

Figure 4A clearly shows the spongy morphology
of ZnO catalyst before being doped with silver and
aluminum. The SEM image of ZnO indicates that the
clusters of particles stick together and make foam
like structure with variable pore sizes which can be
attributed to the type of combustion synthesis and the
employed fuels mixtures (glycine and glucose). After

adding silver nitrate as precursors of silver to the
prototype, the structure becomes more porous due to
the decrease in fuel to oxidizer ratio and the
generation of more combustion gases (Figure 4B).
The morphology of the ZnO doped with 7% Ag and
3% Al is shown in Figure 4C and D. According to
these figures the aluminium added to the structure of
the catalyst causes a change in the hexagonal
structure of ZnO. It can be noted that the Al
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incorporation into the Ag/ZnO photocatalyst
structure leads to a more uniform pore size
distribution

Photocatalytic activity

Photodegradation of Reactive Blue 19 (RB19)
was evaluated for the catalytic activity of ZnO in
designed multi-layer cylindrical tubular reactor. The
RB19 solution was made with a concentration of 10 -
40 mg/l dispersing 0.1 g/l ZnO in 1800 ml of the dye
solution. Before the UV irradiation, a solution of dye
and catalysts were circulated in the reactor in order
to achieve the adsorption/desorption equilibrium.
During a specific interval of time, 4 ml of solutions
were immediately centrifuged for decolorization
process evaluation by ultraviolet-visible (UV-Vis)
absorption double beam spectrophotometer. It has
been observed that less than 10 percent of RB19
decolorized in absence of UV radiation.

Effects of Ag and Al dopants on ZnO
Photocatalytic Activity

Different molar ratios of Ag and Al have been
examined to find the best amounts of Al and Ag as
doping agents for ZnO photocatalyst. A fixed
optimum operating condition (pH=7, 0.1 g. L*
photocatalyst dosage, 20 mg/L RB19 solution) is
employed to investigate the effect of dopants.
Photocatalytic activity of ZnO can be increased by
addition of small amount of silver (3.5 mole% of Ag
to ZnO). However, the maximum dye removal
efficiency has been achieved at the silver loading of
7% as shown in Figure 5.

Upon UV irradiation, electrons are excited from
the valence band of ZnO to its conduction band,
leaving the corresponding holes in the valence band.
Ag and Al dominate the electron capturing by
increasing the electron and hole recombination time
to enhance the separation efficiency of the
photogenerated electrons and holes .

The photogenerated holes in the valence band of
ZnO react with water and hydroxyl groups to form
hydroxyl radicals, which leads to the photocatalytic
oxidation of the dye. At the same time, the
photogenerated electrons react with O, to form active
oxygen species, which also participate in the
photocatalytic oxidation of the dye.
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Figure 5. Modification of ZnO with different
amounts of silver and aluminium (RB19
consentration = 20 (mg.L™?), pH = 7, Time= 60 min)
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Alumina particles have a significant role in
improving the catalyst activity. It has been observed
that the optimum amount of Al content for maximum
catalytic activity is about 3 mol%. Photocatalytic
activity is a strong function of the morphology and
synthesis procedure 2%. Next, the color degradation
gradually decreases with increasing Al content to
reach 8 mol %. This may be attributed more to the
low(er) surface area of ZnO than to the incorporation
of aluminum oxide clusters on the surface of zinc
oxide, light adsorption of ZnO will be blocked by
excessive aluminum. The enhancement of
mesoporous AlLOy(x=1-2, y=1-5)- ZnO
compositecan be explained, that ZnO is the more
photoactive than aluminum oxide for photocatalysis
reactions. The addition of aluminum at low contents
onto ZnO particles led to the better electrical
properties effect and hence increased the separation
efficiency of charge carriers 4.

Effect of Catalyst Dose

The photocatalytic efficiency of the synthesized
Ag-Al /ZnO nanocatalyst at different catalyst
loadings in the range of 0.025 - 0.15 g L' is
investigated. Experimental results show that the
photodegradation efficiency is an increasing function
of catalyst dosage up to 0.1 g L* at 20 ppm RB19
solution. Decolorization efficiency increases to 80%
during 60 minutes and then gradually reaches 90%
after about 90 minutes. A further increase in the
amount of catalyst beyond 0.1 g L does not have
any significant effect on the degradation efficiency
as shown in Figure 6.

100

90

3
&
550
g ——0.025 g/L.
an ~-0.05 g/,
3 p
o 0.1¢/L
230
——15g/L
20
10
0
0 20 40 60 80 10¢

Time (min)

Figure 6. Decolorization versus time for different
amounts of catalyst loading, Dye Solution= 20
(mg.LY), 7% mol Ag, 3% mol Al , pH =7

An increase in the amount of loaded catalyst
leads to an increase in the dye absorption efficiency
on the surface of the catalyst. of alumina on ZnO
particles increases the available surface due to the
creation of more active sites 8. Reflected light from
the surface of the catalyst causes more radiation
scattering and increases the number of absorbed
photons and generated hydroxyl radicals. One of the
negative effects of more catalyst loading is the
turbidity of the suspension which prevents transition
of UV light in the reactor and retards the rate of
decolorization 33:3444-46,
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Effect of pH

Because of the amphoteric behavior of
semiconductor oxides, the effect of pH on the
reaction rate is also studied in this work. Variation of
pH affects the electron charge on the surface of the
catalyst 4" and the dye degradation process under UV
light irradiation “¢. Decolorization of RB19 at
different range of pH from 3 to 10 with a certain
amount of catalyst (0.1 gr / lit) is investigated. Dye
removal efficiency is quite low at pH=3 but for the
pH range of 7- 9, the average decolorization rate is
significantly enhanced to about 85% within one
hour.

Zinc oxide which is an amphoteric oxide and can
be hydrolyzed in water to produce hydroxide layers,
reacts with H* or OH" according to the following
equations 3346:49;

Inacid ZnO+2H" —Zn,” +H,0 4)
Inbase ZnO+H,0+20H" —[Zn(OH),]> (5)

There are electrostatic forces between the
catalyst and the dye that are influenced by pH. So
finding the pH at the zero charge (pHpzc) is important
where catalyst surface charge is positive, while at
higher pH values the charge on the surface of the
catalyst is negative due to the greater presence of
OH:- Radicals %°. Thus there is a strong affinity
between RB19 and catalyst surface for 3 <pH< 9
resulting in high removal efficiency of dye as shown
in figure 7, the optimum pH range is between 7-9.

100

9%

Decolorization %
2

‘ =20 min
10 =40 min
60 min

3 i 5 6 7 8 9 10
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Figure 7. Effect of pH on decolorization of RB19
Dye Solution= 20 (mg.L™), Catalyst Dosage = 0.1
g/L, 7% mol Ag & 3% mol Al

Effect of dye Concentration

The impact of dye concentration on the rate of
decolorization at different RB 19 solution
concentrations from 10 ppm to 40 ppm with respect
to the optimum catalyst structure (ZnO doped with 7
% mole Ag and 3% mole Al) and loading of 0.1 g L™
is investigated. Figure 8 shows the effect of initial
dye concentration on photodegradation efficiency. It
can be observed that as the dye concentration
increases, the decolorization efficiency decreases.
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Although an increase in the concentration leads to an
increase in dye molecules adsorption on the surface
of catalyst but less light reaches to the catalyst
surface such that fewer active sites are available for
the production of hydroxyl radicals. A similar
behavior has been observed by Krishnakumar et al.,
2011.
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Figure 8. Decolorization of RB19 versus different

dye concentrations Catalyst Dosage = 0.1 g/L, 7%
mol Ag & 3% mol Al, pH=7

Mineralization

Mineralization of Reactive Blue 19 is studied by
TOC analyzer and presented in Figure 9. It can be
seen that the removal rateof organic compound is
slower than that of the color as the organic chain
takes 140 minutes to be dissociated while maximum
decolorization efficiency of RB19 can be reached
within 80 minutes. This may be due to the formation
of intermediate components and competitive
reactions with dye molecules 5.
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Figure 9. Normalized mineralization and

decolorization efficiencies of RB19 versus time

Dye Solution= 20 (mg.L™), Catalyst Dosage = 0.1

g/L, 7% mol Ag and 3% mol Al
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Kinetic Studies

The photocatalytic degradation of organic
materials can be described by Langmuir adsorption
kinetics equation as follows:

dC kKC
r=—-= (6)
dt 1+KC
Eqg. (6) can be simplified to the pseudo-first order
kinetic model:

In% — KKt = K, @

Where Co and C are initial concentration of the
dye (mol/l) and concentration of the dye at time t
(mol/l) respectively; t is irradiation time (min), k and
K are reaction rate constant (mol.I'.min?) and
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adsorption  coefficient of the dye onto the
photocatalyst particle (I/mol) respectively, Kapp is the
pseudo reaction rate constant (min). Decolorization
of RB19 with modified ZnO( 7% mole Ag and 3%
mole Al) can be described with a pseudo first order
kinetic model. Figure 10 represents a linear
relationship between Ln (Co / C) and time. Figure 11
represents the pseudo-first-order rate constants for
dye removal at different molar concentrations of
aluminum and silver. Presented results in Tablel
show the rate constants at different concentrations of
RB19 indicating that the dye removal efficiency of
the modified ZnO (3% Al and 7% Ag) is three times
higher than that of Ag doped ZnO and six times
higher than that of ZnO.

1
y=0.0453x
R?=0.9909
3.5 ¢
10 (mg/L)
3 W20 (mg/L)
30 (mg/L) V'S y=0.0316x
R2=0.9945
40 (mg/L)
2.5 A
50 (mg/L)
o~
&
S
o
S * [ ]
g
=
= y=0.0178x
R2=0.9975
1.5
y=0.0119x
1 ¢ R2=0.9967
0.5 u
y=0.0072x
R2=0.9718
0 10 20 30 40 50 60 70 80 90

Time (min)

Figure 10. Kinetic study of RB19 decolorization process
(Ag-Al/ZnO Dosage = 0.1 g/L, 7% mol Ag & 3% mol Al )

Table 1 : Pseudo first order rate constant for different RB19 concentrations

(Ag-Al/ZznO Dosage = 0.1 g/L, 7% mol Ag & 3% mol Al)

10 ppm 20 ppm 30 ppm 40 ppm 50 ppm
Kapp (Min't) 0.0453 0.0316 0.0178 0.0119 0.0072
R? 0.9909 0.9945 0.9975 0.9967 0.9718
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Figure 11. Pseudo first order rate constant for ZnO
photocatalyst with different Ag and Al loadings
(Dye Solution= 20 (mg.L™?), Catalyst Dosage = 0.1
/L)

Energy Consumption Determination

The photocatalytic wastewater treatment is a
process that consumes electrical energy. This can
be an important factor to determine operation costs.
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The volumetric electrical energy consumption per
order (EE/O) and the electrical energy consumption
cost %2 are determined according to the following
equations:

EE/O = P xtx1000 (8)
V x60xlog(C,/C;)
G
Ln(Cf )= Kapp xt ©)

EE/O (kWh m7order™') shows the electrical
energy requirement for reducing pollution level up
to 90% in 1 m® of aqueous solution. In this equation
P is the rated power (kW) of the AOP system, t is
the irradiation time (min), V is the volume (L) of
the water in the reactor, C; and Cr are the initial and
final pollutant concentrations respectively and Kapp
is the pseudo-first-order rate constant (min).

The electrical energy costs by using the
synthesized nano-photocatalyst at different dye
concentrations have been determined according to
electrical energy price (0.013 USD/KWh in
September 2013) and displayed in Table 2.

Table2 (3) : Electrical energy per order (EE/O) and total cost for UV/catalyst process
(Ag-Al/ZnO Dosage = 0.1 g/L, 7% mol Ag & 3% mol Al )

Dye concentration (ppm)  Rate Constant (min)

EE/O Total Cost (USD)

(kWh m* order?)

10 0.0453 6.30 0.0819

20 0.0316 4.3952 0.0984

30 0.0178 7.8027 0.1856

40 0.0119 11.6713 0.2389

50 0.0072 19.2901 0.2507
As shown, an increase in dye concentration 80

leads to longer reaction time and more UV energy
demand such that the rate of reaction decreases and
the costs of photocatalytic reaction increase. Figure
12 compares the required electrical energy (EE/O)
for RB19 removal using different
nanophotocatalyst. Also the electrical energy
consumptions for removal of different dyes using
different nanocatalysts are compared in Figure 13 at
a fixed initial dye concentration of 50 ppm. As
shown in Figures 12 and 13, the required electrical
energy for dye removal by the synthesized Ag-
Al/ZnO nano-photocatalyst used in this work is
always much lower as compared to the other
available alternatives %7,

EE/O (kWh m! order?)

70
60
50
40
30
20
X j
0
TiO2

Ti02/Alz03 InO Ag-AVinO

Figure 12. EE/O for RB19 photodecolorization.
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Figure 13. EE/O for photo-decolorization with different photocatalyst at the same concentration

of dyes (50 ppm).

Conclusions

In this work the Ag-Al/ZnO nano-photocatalyst
is synthesized by using microwave assisted
combustion technique and characterized by
different Hi-Tech equipments. The photocatalytic
performance of the synthesized Ag-Al/ZnO nano-
photocatalyst is evaluated by photo-degradation of
RB19 under UV radiation in a newly designed
multi-layer cylindrical tubular reactor. Kinetic
studies of synthesized photocatalyst show that the
decolorization process follows a pseudo first order
kinetics. The experimental observations confirm
that the synthesized Ag-Al/ZnO nano-photocatalyst
has much more photocatalytic activity as compared
to the other available ZnO/catalyst combinations.
The best operating performance is obtained at the
pH of 7, photocatalyst dosage of 0.1 g/L and RB19
solution concentration of 20 mg/L. The advantage
of the synthesized nano-photocatalyst in this work
over the other available ones regarding electrical
energy consumption is clearly demonstrated. The
synthesized nano-photocatalyst and the new
fabricated multi-layered cylindrical reactor can
have potential applications for deep removal of
similar dyes from industrial wastewaters.
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