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Abstract
Volatile organic compounds (VOCs) are one of the major pollutants present in the petrochemical industrial effluents. These 
VOCs have high vapor pressure, which makes it to be dispersed into the atmosphere easily. Chlorobenzene is one such VOC, 
which has an ability to cause adverse impacts on human health by damaging the central nervous systems. The available 
treatment methods are unable to effectively treat such VOCs in environment. Photocatalytic degradation is the effective 
and economical methods, which are being used for the treatment of such pollutants. ZnO is one of the widely accepted 
photocatalyst, but it has a limitation of wide band-gap energy utilization. This paper mainly investigates the preparation of 
metal-doped ZnO nanoparticles using solgel technique and its application for the degradation of chlorobenzene in an aque-
ous media under different light sources. Among the modified ZnO nanoparticles prepared (Ag/ZnO, Cd/ZnO and Pb/ZnO), 
Pb/ZnO was found to be very effective in the degradation of chlorobenzene and achieved up to 100% within a short duration 
(< 120 min). The Pb/ZnO was also used as a photocatalyst in a vertical continuous photoreactor for the photodegradation 
of chlorobenzene using LED light.
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Introduction

Volatile organic compounds (VOCs) are the organic com-
pounds, which have high vapor pressure at room tempera-
ture, and they are characterized by low water solubility 
(Goldstein Allen 2007; Guo et al. 2009). Rapid industriali-
zation and urbanization have led to serious environmental 
pollution problems that impact on the human health at global 
level. VOCs play a critical role in photochemical reactions, 
which give rise to highly toxic secondary and intermediate 

pollutants. However, severe impacts of VOCs which are 
disposed by anthropogenic activities, on the human health 
and environment from the past few years, have been real-
ized  (Tanizaki et al. 2007). Recently, evidences are rapidly 
growing to show the potential health hazards associated with 
VOCs and their involvement with global climate change and 
few VOCs species were shown to be highly toxic, muta-
genic and carcinogenic (Said Ismail and Hameed 2013). 
Apart from potential health impacts of VOCs, they are also 
involved in photochemical reactions leading to the forma-
tion of oxidants, which have serious deleterious effects on 
human health, agricultural crops, trees, natural vegetation, 
buildings, materials, etc. (Lin et al. 2013; Prabhat Kumar 
et al. 2011; Zou et al. 2006). Chlorobenzene is a colorless 
and flammable aromatic compound with molecular formula 
C6H5Cl. Chlorobenzene is primarily used as a solvent, a 
degreasing agent and as a chemical intermediate in vari-
ous industries. Chlorobenzene causes various health effects 
like skin irritation, skin and eyes allergies, nose and throat 
rashes, and exposure to very high concentration can cause 
headache, dizziness. Acute inhalation causes narcosis, rest-
lessness, tremors and muscle spasms. Chronic (long-term) 
exposure of humans to chlorobenzene affects the central 
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nervous system (CNS). They can damage the lung, liver 
and kidney by inhalation. Signs of neurotoxicity in humans 
include numbness, cyanosis, hyperesthesia (increased sen-
sation) and muscle spasms. EPA has classified chloroben-
zene as a Group D, not classifiable as to human carcino-
genicity. There are various technologies, which have been 
currently used for the treatment or elimination of VOCs. 
Physicochemical and biological treatment methods are 
available for the removal of VOCs by recovery method or 
destruction method (Berenjian et al. 2012; Das et al. 2004; 
Font et al. 2011; Huang et al. 2016; Prabhat Kumar et al. 
2011; Reddy et al. 2011). Biological treatment techniques 
are designed on the capability of microorganisms to degrade 
the organic pollutants under aerobic conditions through oxi-
dative and reductive reactions to water vapor, carbon diox-
ide, inorganic products and organic biomass. The biological 
techniques confide on two important fundamental mecha-
nisms. Drawback with absorption technique generates waste-
water which needs further treatment, high initial investment, 
difficult in design, start-up time constraints, requires a pre-
cise maintenance of the system, and is not suitable method 
for lower concentrations of VOCs (Khan and Kr. Ghoshal 
2000; Prabhat Kumar et al. 2011). The traditional methods 
used for VOCs treatment such as adsorption on activated 
charcoal, biofiltration and normal treatment methods are 
challenged by many factors such as energy requirements, 
expenses for scaling up large-scale applications, inefficient 
to degrade most of these organic compounds, generation 
of toxic organic by-products, reusability problem, genera-
tion of waste and waste disposal problem (Eltouny 2009; 
Huang et al. 2016). Advanced oxidation process (AOP) is 
a process that associates the production of reactive oxidiz-
ing agent such as hydroxyl radicals in sufficient quantity 
for the degradation of complex organic compounds present 
in both water and wastewater. The preeminent objective of 
AOP is to completely degrade the toxic organic pollutants 
to non-detectable limits from the ppb or ppm range without 
generating hazardous secondary pollutants.

Photocatalysis can use a renewable energy source widely 
in the treatment of pollutants; thereby, it is environmental 
friendly and economic (Ameta et al. 2012). Photocatalysis 
using semiconductor has been enormously demonstrated 
for environmental applications as a cleanup process. Pho-
tocatalysis pathway is considered to be following a green 
chemistry due to its environmental friendly approach in 
degradation of various organic pollutants. Heterogeneous 
photocatalysis has been extensively used for the wastewa-
ter treatment and pollutant degradation into environmental 
friendly compounds. Research has been carried out to use 
zinc oxide (ZnO) as a photocatalyst for the degradation of 
various hazardous industrial dyes and organic contaminants 
in water and wastewater. ZnO is one of the remarkable sem-
iconductor-based photocatalytic material, and it has been 

widely used in various applications such as optical, electron-
ics, optoelectronics, catalytic and lasers. The scope of the 
present research is to investigate the photocatalytic degrada-
tion of chlorobenzene using modified ZnO nanoparticles in 
a batch reactor under different light sources and to find an 
economical way to treat volatile organic compound.

Material and methodology

ZnO has great beneficial properties for photodegradation 
of various organic contaminants, visible light-based photo-
catalysis attributed to the wide band-gap energy (3.37 eV) 
and large free-excitation binding energy (60 meV) (Malik 
et al. 2013; Meena and Chouhan 2015; Rangkooy et al. 
2012). Properties such as physicochemical stability, high 
thermal conductivity, high electron mobility, nontoxicity 
and large binding energy have make it as a novel semicon-
ductor in the field of photocatalytic applications (Brintha 
and Ajitha 2015; Chen and Mao 2007; Hasnidawani et al. 
2016; Khan et al. 2014). Nowadays, TiO2 has being widely 
used semiconductor in photocatalytic applications (Crutzen 
et al. 1999; Malekshahi Byranvand et al. 2013; Aneesh and 
Vanaja 2007; Rajput 2015; Salahuddin et al. 2015; Tseng 
et al. 2010; Wong et al. 2011) and modified ZnO can be 
an appropriate alternative semiconductor in photocatalytic 
applications, since it has showed a wider range of band-gap 
energy and photocatalytic activities significantly under vis-
ible range of photon sources (Ameta et al. 2012; Prieto et al. 
2007; Zou et al. 2004). However, controlling the surface 
redox reactions and postponing the recombination of pho-
toinduced electron–hole pairs and band-gap tuning are the 
major challenges that need to be addressed to enhance over-
all photocatalytic degradation efficiency of ZnO (Bacaksiz 
et al. 2008; Chen et al. 2003; Kim and Choi 2007; Sharma 
et al. 2014). The modification of ZnO semiconductor with 
noble metals and nonmetals has significantly attracted atten-
tion in semiconductor based heterogeneous photocatalysis 
(Anandan et  al. 2010; Djurišić et  al. 2014; Nakata and 
Fujishima 2012; Ramesh 2013; Rehman et al. 2009; Sharma 
et al. 2014). Recently, various metal and nonmetal ions such 
as Ag, Cd, Fe, Mn, Co, N, Mg, and Cu have been used as 
doping ions to reduce the recombination of electron–hole 
pairs and reduce band-gap energy (Anandan et al. 2010; 
Djurišić et al. 2014; Nakata and Fujishima 2012; Ramesh 
2013; Rehman et al. 2009; Sharma et al. 2014; Zaleska-
medynska 2006).

Preparation and characterization of modified ZnO 
nanoparticles

Preparation of modified ZnO nanoparticles such as Ag-
doped ZnO (Ag/ZnO), Cd-doped ZnO (Cd/ZnO) and 
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Pb-doped ZnO (Pb/ZnO) was carried out using solgel tech-
nique under alkaline conditions. Silver nitrite, cadmium sul-
fate and lead acetate were used as the dopant sources for the 
preparation of Ag (1%)-, Cd (1%)- and Pb (1%)-doped ZnO 
nanoparticles, respectively, with reagent grade ZnO pow-
der as a core precursor of ZnO. Standard solgel procedures 
were used for the preparation of modified ZnO nanoparticles 
(Midhun et al. 2017; Shivaraju 2012; Shivaraju and Byrappa 
2012; Shivaraju and Chandrashekar 2012; Shivaraju et al. 
2016). The obtained final products were dried at room tem-
perature and calcinated at 500 °C for 2-h duration using pre-
heated muffle furnace. As-prepared modified ZnO nanopar-
ticles were characterized for band-gap energy using UV–Vis 
spectrophotometer (Shimazu UV-1800), powder X-ray dif-
fraction (Bruker-Microstar Proteum 8), scanning electron 
microscopic images with energy-dispersive X-ray analysis 
(EVO LS 15, Carl Zeiss, Germany), Fourier transformed 
infrared spectroscopy (Shimadzu IRAffinity-1S), dynamic 
light scattering (Malvern Instruments Ltd.), BET surface 
area (Micromeritics TRIstar 3020, USA) and photocatalytic 
activities. The modified ZnO nanoparticles were used for 
the degradation of chlorobenzene of known concentration 
for duration of 5 h in a batch reactor. The initial and final 
concentration of chlorobenzene was determined using GC 
coupled with mass spectrometer (Shimadzu, Tokyo, Japan).

Photocatalytic degradation of chlorobenzene using 
model vertical continuous photo reactor

Based on the results obtained during photocatalytic degra-
dation of chlorobenzene, a potential real-time application 
of semiconductor-based nanophotocatalyst in a laboratory-
scale continuous reactor model was fabricated and demon-
strated using aqueous solution. Designing of continuous 
photoreactor was carried out for vertical models by consid-
ering the flow rate, light illumination and catalyst loading 
mode. Reaction vessels made with quartz materials were 
used with less energy consuming photon sources such as 
light-emitting diodes (LEDs). Photocatalytic degradation 
of chlorobenzene was carried out using batch scale pho-
toreactor of 50 mL capacity in a closed system under dif-
ferent light sources. Aqueous solution of about 20 µg/L of 
chlorobenzene was used for photocatalytic studies with 2 h 
irradiation time. About 25 mg of each modified ZnO nano-
particles (Ag/ZnO, Cd/ZnO and Pb/ZnO) was dispersed in 
aqueous solution of chlorobenzene and irradiated to dif-
ferent light sources (fluorescent light, UV light, tungsten 
light and LED light). Initial and final concentration of chlo-
robenzene in aqueous media was measured by dynamic liq-
uid phase microextraction method (Castellote and Bengts-
son 2011) using QP5000 GC–MS instrument (Shimadzu, 
Tokyo, Japan) equipped with fused-silica capillary column 

(30 m × 0.32 mm x 0.25 µm) coated with bonded film of 
DB-1/5MS.

Results and discussions

As-prepared modified ZnO nanoparticles were character-
ized, and photocatalytic degradation using model dye solu-
tion under different light sources was studied. The photo-
catalytic activity of the modified ZnO for the degradation 
of chlorobenzene was also carried out in a laboratory-scale 
batch photoreactor under different light sources.

Characterization of modified ZnO nanoparticles

Band‑gap energy

Band-gap energy (optical absorption properties) of pure 
ZnO and modified ZnO nanoparticles such as Ag/ZnO, Cd/
ZnO and Pb/ZnO was studied using UV–Vis spectroscopic 
methods, and the results obtained can be seen in Fig. 1. It 
was noticed that the optical absorption edges of modified 
ZnO nanoparticles were considerably shifted toward the 
wavelength of visible range when compared to pure ZnO. 
The equation Eg = 1239.8/λ was used to calculate the band-
gap energy of all modified ZnO nanoparticles, where Eg is 
the band gap (eV) and λ is the wavelength of the absorption 
edges in the UV–Vis spectrum (Zaleska-medynska 2006). 
Band-gap energy was observed to 3.15, 2.97, 2.91 and 
2.81 eV for pure ZnO, Ag/ZnO, Cd/ZnO and Pb/ZnO nano-
particles, respectively. Highest band-gap energy shifting 
toward the visible range was observed in Pb/ZnO than Cd/
ZnO and Pb/ZnO. These results indicated that the presence 
of Pb, Cd and Ag in ZnO system considerably reduces the 
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band-gap energy up to 10.7%, 7.5% and 5.6% toward visible 
range. It is worthy to note that absorption intensity was high 
for Pb/ZnO compared to pure ZnO indicating the potential 
photocatalytic activity in the wavelength of visible range.

Powder X‑ray diffraction

Crystalline structure and phase identification of modified 
ZnO (Ag-, Cd-, Pb-doped ZnO) nanoparticles were investi-
gated using powder X-ray diffraction technique with CuKα 
(λ = 1.54056 Å) as source with scanning range 10-80˚ (2θ). 
The crystalline phases of modified ZnO nanoparticles were 
identified by comparing with JCPDS files (PCPDF WIN-
2.01). Average crystallite sizes were estimated from the 
Debye–Scherrer’s equation D = kλ/βcosθ, where ‘D’ is the 
crystallite size; ‘k’ is a constant (= 0.9 assuming that the 
particles are spherical); ‘λ’ is the wavelength of the X-rays; 
‘β’ is the FWHM; ‘θ’ is the diffraction angle in radians. Fig-
ure 2 shows the powder X-ray diffraction patterns of modi-
fied ZnO nanoparticles. XRD patterns of all modified ZnO 
nanoparticles showed sharp and high-intensity peaks when 

compared to pure ZnO (undoped) that may be attributed to 
the influence of dopents and solgel conditions under alkaline 
environment. The results obtained indicated highly crystal-
line phase of modified ZnO nanoparticles and XRD patterns 
were well matched with PCPDF: 050664. A strong peak 
(101) of ZnO was observed at 2θ = 36.24˚. Powder XRD 
patterns of modified ZnO nanoparticles showed all strong 
peaks corresponding to known diffraction maxima of ZnO 
(2θ = 31.7°, 34.4°, 36.2°, 56.6° and 62.8°). The average crys-
talline sizes of modified ZnO nanoparticles were estimated 
using FWHM of the diffraction peak of XRD (Table 1).

Scanning electron microscopy with energy‑dispersive X‑ray 
analysis

Surface morphology and elemental analysis of modified ZnO 
nanoparticles were studied by scanning electron microscopy 
with energy-dispersive X-ray analysis. SEM images of Ag/
ZnO and Cd/ZnO nanoparticles were observed to be irregu-
lar in shape and aggregated. Energy-dispersive X-ray analy-
sis of Ag/ZnO (Fig. 3) and Cd/ZnO (Fig. 4) nanoparticles 
showed the presence of Ag and Cd elements in ZnO crystal-
line system, respectively. Ag/ZnO and Cd/ZnO nanoparticles 
were observed to be poly-scale in nature and agglomerated. 
When Pb/ZnO nanoparticles were observed under scanning 
electron microscopy, nanorod shaped morphology with well-
crystalline structure and uniform-sized nanoparticles were 
observed (Fig. 5). The diameter of Pb/ZnO nanorods was 
observed approximately 60 to 150 nm range, and it was also 
confirmed by XRD as well as DLS characterization results. 
Well-crystalline phase of modified ZnO particles was appar-
ently stable from the perspective of chemical reactions that 
enhances the photocatalytic activities of Pb/ZnO.

Fourier transformed infrared spectroscopy

The functional groups and structural elucidations of modi-
fied ZnO nanoparticles were carried out using FTIR method. 
FTIR spectra of pure ZnO and modified ZnO nanoparticles 
can be seen in Fig. 6. The stretching bands corresponding 
to ZnO were obtained in the range of 500 to 400 cm−1 in all 
the FTIR spectra. The band at 1430 cm−1 corresponding to 
C = O modes of vibration was observed in all FTIR spectra. 
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Fig. 2   Powder X-ray diffraction patterns of modified ZnO nanoparti-
cles

Table 1   Average crystalline size of modified ZnO nanoparticles

Modified ZnO nanoparticles FWHM Average crys-
talline sizes 
(nm)

Ag/ZnO 0.045 191.8
Cd/ZnO 0.031 287.7
Pb/ZnO 0.120 71.9
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The broad absorption peaks in the range of 3200–3600 cm−1 
corresponding to O–H group of H2O were observed in modi-
fied ZnO nanoparticles, and the existence of moistures on 
the surface of all modified ZnO nanoparticles was indicated 
. FTIR spectrum of Ag/ZnO and Cd/ZnO nanoparticles 
showed broad stretching vibration bands at 900–1150 cm−1 
corresponding to Zn–O-Ag (Fig. 6) and Cd–O-Zn (Fig. 6), 
respectively, that indicates the interfacial region of ZnO and 
dopants. FTIR spectrum of Pb/ZnO nanoparticles showed 
narrow stretching vibration bands at 900–1150 cm−1 cor-
responding to Pb–O-Zn and intensity of stretching bands 
corresponding to Pb–O-Zn comparatively high that indicates 
the presence of high Pb in ZnO crystalline structure.

Dynamic light scattering

Particle size of modified ZnO nanoparticles was determined 
by dynamic light scattering (DLS) particle size analyzer 

(Malvern Zetasizer—Nano ZS) with 10 µL minimum vol-
ume of sample suspension. The average sizes of Ag/ZnO, 
Cd/ZnO and Pb/ZnO nanoparticles were observed in the 
range of 210–350 nm (Fig. 7a), 150–360 nm (Fig. 7b) and 
60–165 nm (Fig. 7c), respectively. The size of modified ZnO 
nanoparticles observed by DLS was also confirmed by XRD 
as well as SEM characterizations.

BET surface area

The specific surface area and porosity measurement of modi-
fied ZnO nanoparticles were analyzed by nitrogen adsorption 
in a Micromeritics TRIstar 3020 nitrogen absorption appara-
tus (USA). The corresponding nitrogen adsorption–desorp-
tion isotherms and the corresponding BET surface area of 
modified ZnO nanoparticles can be seen in Fig. 8. The sur-
face morphology of Pb/ZnO nanoparticles showed wide and 
relatively large volume of porosity (Fig. 8) when compared 

Fig. 3   Scanning electron microscopic images with energy-dispersive X-ray analysis of Ag/ZnO nanoparticles
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to Ag/ZO and Cd/ZnO nanoparticles (Fig. 8a, b). The pres-
ence of high amount of nanoporous structures (0.177176 
cm3g−1) in Pb/ZnO nanoparticles contributed to high pore 
volume, surface area and pore size. Ag/ZnO and Cd/ZnO 
showed rough surface morphology and clumping struc-
ture with relatively less surface area of 7.75 and 10.6 m2/g, 
respectively, that might be attributed to accumulation of 
nanoparticles tightly without pore volume, and it was also 
confirmed by SEM characterization (Figs. 5 and 8c). Pb/
ZnO nanoparticles showed considerable increased surface 
area up to 106.65 m2/g, which could be attributed to well-
crystalline structure and squared-rod-shaped morphology of 
nanoparticles.

Photocatalytic activity

Photocatalytic activities of modified ZnO nanoparti-
cles (Ag/ZnO, Cd/ZnO and Pb/ZnO) were studied under 

different light sources using aqueous solution of methylene 
blue dye for 5-h irradiation. The results obtained clearly 
indicated potential photocatalytic activity of Pb/ZnO nano-
particles under LED light sources than the Ag/ZnO and 
Cd/ZnO nanoparticles that may be attributed to the well-
crystalline and nanorod-shaped morphology observed in 
Pb/ZnO. All modified ZnO nanoparticles showed consider-
able photocatalytic degradation efficiency under LED light 
source followed by tungsten light, but pure ZnO nano-
particles showed potential photocatalytic activity under 
tungsten light (Fig. 9). The optical studies of modified 
ZnO nanoparticles also confirmed considerable shifting 
of band-gap energy toward the visible range that was the 
possible reason for highest photocatalytic activity under 
LED (1200 lx) and tungsten light (1600 lx) than UV light 
source (1000 lx).

Fig. 4   Scanning electron microscopic images with energy-dispersive X-ray analysis of Cd/ZnO nanoparticles
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Fig. 5   Scanning electron microscopic images with energy-dispersive X-ray analysis of Pb/ZnO nanoparticles

Fig. 6   FTIR spectra of a Pure 
ZnO nanoparticles; b Ag/
ZnO nanoparticles c Cd/ZnO 
nanoparticles; d Pb/ZnO nano-
particles
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Degradation of chlorobenzene using modified ZnO 
nanoparticles

The results obtained clearly indicated that photocatalytic 
degradation rate of chlorobenzene in an aqueous media 
using pure ZnO and modified ZnO (Ag/ZnO, Cd/ZnO and 
Pb/ZnO) nanoparticles found to be highest under tung-
sten (90%) and LED (96%, 91% and 100%) light sources, 
respectively. All modified ZnO nanoparticles showed poten-
tial degradation efficiency of chlorobenzene in an aqueous 
media under the visible range that was attributed to consid-
erable band-gap energy shifting toward visible range due to 
incorporated dopants in ZnO systems. Among the modified 
ZnO nanoparticles, Pb/ZnO nanoparticles were found to be 
efficient photocatalyst with rapid degradation rate of chlo-
robenzene under visible light source (Fig. 10c) and this also 

confirmed highest photocatalytic activity in Pb/ZnO nano-
particles. Photocatalytic degradation efficiency of modified 
ZnO nanoparticles under different light sources can be seen 
in Fig. 10. Very interestingly, Pb/ZnO nanoparticles showed 
rapid degradation of chlorobenzene in an aqueous media 
within short duration (< 120 min) when compared to pure 
ZnO, Ag/ZnO and Cd/ZnO nanoparticles.

Photocatalytic degradation of chlorobenzene 
in a vertical continuous photoreactor

Vertical continuous photoreactor model was designed using 
quartz tube (7 W x 26 cm L) covered with borosil outer 
shield (10 W x 30 cm L) provided with inlet and outlets. 
Vertical shaped LED light source was inserted from top of 
the quartz tube, and upper portion of photoreactor setup was 
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sealed by borosil glass led with air vent and electricity con-
nections. The bottom of borosil outer shield was fixed with 
stirrer that connected to 16 W external motor for continuous 
stirring. The outer borosil shield was covered with aluminum 
sheet to enhance the illumination rate by light reflection, and 
the vertical continuous photoreactor setup designed can be 
seen in Fig. 11. The photodegradation efficiency of vertical 
continuous photoreactor was studied using Pb/ZnO nano-
particles under LED light source by considering important 
factors such as flow rate, stirring and mode of catalyst load 
(slurry, floating and immobilize types). The aqueous solu-
tion of chlorobenzene (2 L) with 50 µg/L concentration was 
used for the studies, and external water pump (50 L/h capac-
ity) was used to continuous circulation through the photo-
reactor. In slurry type of catalyst load, about 1 g of Pb/ZnO 
nanoparticles was suspended in the aqueous solution and 

aqueous mixture was pumped continuously into photoreactor 
through inlet. In floating type, Pb/ZnO nanoparticles were 
coated onto 2-mm Teflon beads using standard technique 
(Kumar et al. 2011) and directly suspended into reaction 
chamber of the photoreactor. In immobilized type, Pb/ZnO 
nanoparticles were coated inner surface of outer shield by 
spreading technique using water proof binding agent (Kumar 
et al. 2011). All borosil tube (2 cm diameter) connections 
with reaction vessels were made leak proof with valves and 
connectors, and flow rate was controlled by pump speed and 
valves. Photocatalytic degradation efficiency of photoreactor 
designed using Pb/ZnO nanoparticles was determined by 
analyzing initial and final concentration of chlorobenzene 
under GC–MS techniques.

The photodegradation results obtained using continu-
ous-vertical photoreactor setup showed 100% degradation 
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rate within 2 h with flow rate of 10 L/h under LED light 
(Fig. 12a). The results showed highest degradation efficiency 
in slurry type when compared to floating and immobilized 
type of catalyst load (Fig. 12b). Potential degradation effi-
ciency in slurry type catalyst load may be attributed to com-
plete and potential exposing of individual catalyst particles 
to photons and availability of active sites that apparently 
enhances the production rate of hydroxyl radicals in aque-
ous media. In floating and immobilized type of catalyst 
load, catalyst’s surface that was adhere and bounded to the 
substrates (Teflon beads or borosil surface) would not be 
exposed to light sources or not available for photocatalytic 
activity in an aqueous media. Effect of stirring on photo-
catalytic degradation rate in the photoreactor was studied 
with different speeds and the results obtained indicated that 
moderate stirring mechanism significantly enhances the 

photocatalytic degradation efficiency in slurry type of cata-
lyst load (Fig. 12c). It was also confirmed that degradation 
rate was also considerably influenced by flow rates (Fig. 12d) 
that might be attributed to the contact time of catalyst and 
chlorobenzene in the aqueous media. By considering the 
photoreactor type, it was confirmed that the irradiation time 
and flow rates depend on the types of photoreactor models 
and catalyst to be used. Query ID="Q1" Text="Please check 
and confirm the section headings are correctly identified."

Conclusions

The solgel preparation of modified ZnO nanoparticles was 
found to be effective in the degradation of chlorobenzene. 
The prepared Ag/ZnO, Cd/ZnO and Pb/ZnO have optimized 
band-gap energy of 2.97, 2.91 and 2.81, respectively. The 
crystalline size of the nanoparticle which was determined by 
using XRD is found to be 191.8, 287.7 and 71.9 nm for Ag/
ZnO, Cd/ZnO and Pb/ZnO, respectively. SEM image of Ag/
ZnO, Cd/ZnO is found to be irregular in shape and aggre-
gated, whereas for Pb/ZnO is truncated nanorod-shaped 
morphology with well-spaced nanoparticles that appears to 
be well-crystalline phase. Average particle size and BET sur-
face area of Ag/ZnO, Cd/ZnO and Pb/ZnO nanoparticles are 
found to be 210–350 nm and 7.456 m2/g, 150–360 nm and 
10.56 m2/g and 60–165 nm and 107.654 m2/g, respectively. 
Modified ZnO nanoparticles are effective in the degrada-
tion of chlorobenzene in the visible range spectrum. About 
100% of chlorobenzene removal efficiency was obtained for 
Pb/ZnO nanoparticle within a short duration (< 120 min) 
under visible light source. To determine the efficiency of 
the photocatalyst, a vertical continuous reactor model was 
designed and demonstrated. Highest removal efficiency of 
chlorobenzene was obtained in a slurry-type reactor when 
compared to floating and immobilized type. The irradiation 
time and flow rate are the important factors to be considered 
for the effective degradation.
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Fig. 11   Continuous photoreac-
tor vertical model: (1) aqueous 
solution of chlorobenzene 
(50 µg/L) with Fe–Mn–CeO2/
TiO2 composite nanoparti-
cles; (2) water pump with 
50 L/h; (3) motor 320 V; (4) 
flow controlling valve with 
glass pipe set (2 cm diameter); 
(5) inlet of photoreactor; (6) 
borosil outer shield (10 cm W 
x 30 cm L); (7) quartz inner 
cover (7 cm W × 26 cm L); (8) 
light source (LED bulb, 16 W); 
(9) stirrer with machine; (10) 
nanomembrane filter; (11) upper 
lid with light intensity controller 
and electric connections; (12) 
outlet of photoreactor; (13) gas 
outlet of photoreactor
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