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a b s t r a c t
1,2-Dichloroethane is one of the most important chlorinated volatile organic pollutants in wastewaters 
and has been listed as a priority pollutant by several regulatory organizations worldwide including United 
States Environmental Protection Agency (EPA). It is widely used as a precursor of the petrochemical 
industry to produce vinyl chloride monomer for the production of poly vinyl chloride (PVC). In this 
study, PAni-TiO2 nanocomposite was synthesized by in-situ deposition oxidative polymerization 
method and its performance for photocatalytic degradation of synthetic 1,2-dichloroethane wastewater 
was investigated. A new pilot-scale packed-bed continuous photocatalytic reactor was designed and 
constructed. Glass beads were selected as the packing material. Immobilization was carried out using 
a modified dip coating and heat attachment method. The characteristics of synthesized PAni-TiO2 
nanoparticles were confirmed using FTIR, XRD, PSA, SEM and EDS techniques. Response surface 
methodology (RSM) based on central composite design (CCD) was used for Design of experiments. 
Design Expert software optimized 70.59% degradation of 1,2-dichloroethane with catalyst composition 
[TiO2: PAni] at [2.33:1] and catalyst loading at 0.39 mg/cm2, respectively. In this study (1) PAni-TiO2 
nanocomposite was successfully immobilized on glass beads, (2) 1,2-dichloroethane was successfully 
degraded using synthesized PAni-TiO2 nanocomposite under visible light irradiation and (3) the 
designed and constructed photocatalytic reactor performed well for conducting photocatalytic degra-
dation of 1,2-dichloroethane experiments and (4) for experimental conditions of this work, PAni-TiO2 
nanocomposite was more effective than pristine TiO2 under visible light irradiation.

Keywords: �Photocatalytic degradation; Photoreactor; 1,2-dichloroethane; PAni-TiO2; Immobilized glass 
beads; Response surface methodology

1. Introduction

The elimination of chlorinated volatile organic compounds 
from wastewater has been one of the most important 
environmental concerns in recent years [1]. 1,2-DCE is one of 
the most important chlorinated volatile organic compounds 
and is widely used in industries as solvents, dry cleaners, 
degreasers, and chemical intermediates in the production 
of synthetic resins, plastics, and pharmaceuticals [2]. It is 

a manufactured chemical that is not found naturally in the 
environment. It is a toxic, volatile, flammable, colorless liquid 
with a chloroform-like odor [3]. 1,2-DCE has good solubility 
in water (8.7 g/l), a low sorption coefficient (log koc = 1.28) and 
a low Henry coefficient (1.1 × 10–3 atm m3/mol), therefore it 
remains in the water phase in normal environmental condi-
tions [4]. It is determined to be a probable human carcinogen 
because of the conversion into chloroacetaldehyde, which 
is considered to have mutagenic properties and has been 
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listed as a priority pollutant by the U.S. EPA. The maximum 
contamination level (MCL) for 1,2-DCE in the drinking water 
is set as 5 µg/L and the maximum contaminant level goal 
(MCLG) is set as zero by U.S. EPA [3]. 

A range of methods, including physical, chemical, 
and biological, has been studied for 1,2-DCE degradation 
[1,3–7]. Recently, considerable attention has been paid to the 
advanced oxidation processes (AOPs) due to high chemical 
stability and low biodegradability of 1,2-DCE [8,9]. Among 
different AOPs, heterogeneous photocatalysis is a promising 
non-selective process. Heterogeneous catalysts that are in 
fact semiconductors such as TiO2, SnO2, ZrO2, ZnO, CdS, and 
Fe2O3, can provide light induced electron-hole pair for redox 
processes, primarily due to a filled valance band and empty 
conduction band [10].

TiO2 is one of the most promising semiconductors used in 
environmental applications. To initiate redox reactions, the 
TiO2 surface is irradiated with sufficient energy to overcome 
the band gap. Electron-hole pairs are subsequently generated, 
which may initiate redox reactions on TiO2 surface. However, 
low spectral overlap between the absorption spectrum of 
TiO2 and the solar emission spectrum limits the commercial 
potential because of the low photoreaction rates. Further, the 
photocatalytic activity is limited by the fast charge carrier 
recombination and low interfacial transfer rates of charge 
carriers [11]. 

In order to overcome these drawbacks, some studies 
have been performed to enhance photocatalytic activity of 
semiconductors [12]. Polyaniline (PAni) is a kind of con-
ductive polymers and has been widely used to improve 
electronic conductivity as well as solar energy transfer due 
to its easy preparation, comparatively low cost and excellent 
environmental stability. In recent years, PAni polymers have 
been used to improve the photocatalytic activity of TiO2 in 
UV and visible region [13]. TiO2 is an n-type semiconductor 
and PAni is a p-type conducting polymer, the combination of 
which results in reducing band gap energy which results in 
sensitizing TiO2 under UV and visible light irradiation and 
hindering recombination [14]. PAni-TiO2 nanocomposite was 
synthesized by different methods including ultrasonic irradi-
ation [15], sol-gel technique [16], template-free method [17], 
in-situ deposition oxidative polymerization [18] and hydro-
thermal method [19].

For many years laboratory scale photocatalytic 
experiments have been carried out using suspended catalyst 
which is also known as slurry in a batch reactor [20]. However, 
the need for an expensive and time consuming separation 
step to retrieve the catalyst and limited penetration depth 
of the light into the slurry lead to serious problems [21]. 
Mass transfer limitation and limited specific surface area 
are problems of this system but a proper reactor design can 
reduce these drawbacks [22,23].

The immobilization of the catalyst on inert support 
surfaces has been recently used in order to eliminate the costly 
phase separation processes [24]. Sol-gel methods including 
dip coating and spin coating, heat attachment method, chem-
ical vapor deposition (CVD), Electrophoretic deposition and 
sputter coating have been proposed to prepare immobilized 
catalysts [25]. Various supports were used including glass, 
silica gel, metal, ceramics, polymer, fibers, zeolite, alumina 
clays, activated carbon, cellulose and reactor walls. Glass can 

sustain a high calcination temperature and is highly trans-
parent. A number of glass materials are commonly utilized in 
the photodegradation of polluted water, such as glass plates, 
glass beads, glass tube, glass rings and walls of reactor [25].

Photocatalytic processes are complicated, because many 
independent influential parameters such as initial pollut-
ant concentration, catalyst loading, pH, residence time and 
dissolved oxygen can affect degradation efficiency as the 
response of the system [26]. Response surface methodology 
(RSM) establishes a regression mathematical relationship 
between independent and response parameters for seek-
ing the optimum conditions of a complicated multivariable 
system with the lowest number of tests [27]. RSM has been 
successfully applied to various processes to achieve optimi-
zation using experimental designs, including photocatalytic 
degradation of pollutants using immobilized catalysts [28].

To the best of our knowledge, there is no report on the 
use of PAni-TiO2 nanoparticles as a photocatalyst for the 
photocatalytic degradation of 1,2-DCE. The aim of the pres-
ent study was to investigate the performance of synthesized 
PAni-TiO2 nanocomposite for photocatalytic degradation 
of 1,2-DCE. PAni-TiO2 nanocomposite was synthesized and 
immobilized on glass beads. The characteristics of synthe-
sized nanoparticles were confirmed using FTIR, XRD, PSA, 
SEM and EDS techniques. A photocatalytic reactor in pilot 
scale was designed and constructed for photocatalytic deg-
radation 1,2-DCE. Two influential parameters of catalyst 
composition [TiO2: PAni] and catalyst loading (mg/cm2) 
were considered as independent parameters. 1,2-DCE deg-
radation was selected as a response parameter. Response 
surface methodology based on central composite design was 
used for Design of experiments. Using the RSM technique, 
a regression equation was presented to predict the 1,2-DCE 
degradation. Based on the proposed model, the best values 
of independent parameters for achieving the highest 1,2-DCE 
degradation were determined.

2. Material and methods

2.1. Chemicals

All chemicals used in this work were of analytical reagent 
grade. 1,2-DCE (C2H4Cl2, ACS reagent ≥99%, Merck) was used 
as the target pollutant, n-Hexane (CH3 (CH2)4CH3, HPLC 
grade, ≥95%, VWR) was used as a solvent to extract 1,2-DCE 
from aqueous phase samples. TiO2 nanoparticles (anatase, 
average crystal size, 20 nm, US Nano) were used to synthe-
size PAni-TiO2 nanocomposite, ammonium peroxodesulfate 
(APS, (NH4)2S2O8) was supplied by Fluka. All other reagents 
including hydrochloric acid fuming 37% (HCl), Hydrofluoric 
acid (HF), Aniline, diethyl ether, and ethanol were supplied 
by Merck (Germany) with analytical grade. Deionized water 
was used for solution preparation throughout this research. 

2.2. Synthesis of PAni-TiO2 nanocomposite 

PAni-TiO2 nanocomposite was synthesized using in-situ 
deposition oxidative polymerization method as following: 
3.1 g of TiO2 nanoparticles were dispersed into 90 mL of 
1 molar HCl 37% solution containing 1 mL aniline under 
ultrasonic vibration inside an ice-water bath for 1 h to 
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reduce the aggregation of TiO2 nanoparticles. The solution 
was deoxygenated by flow of nitrogen into the three-neck-
round-bottom flask. Then, 2.5 g of APS was dissolved into 
100 mL of 1 molar HCl solution. This solution was added 
dropwise into the solution containing aniline. This mixture 
was allowed to be polymerized in an ice-water bath under 
magnetic stirring for 5 h. After that, the prepared mixture was 
washed and filtered with deionized water, 50 ml of ethanol 
and 30 ml of ether. After that, the solution was dried at 80°C 
for 8 h to obtain the PAni-TiO2 nanocomposite. Flowchart of 
synthesis of PAni-TiO2 is shown in Fig. 1 [18,29].

2.3. Immobilization of PAni-TiO2 nanocomposite

Immobilization of the PAni-TiO2 nanocomposite on glass 
beads was carried out by a modified dip coating and heat 
attachment method. Glass beads with 10 mm diameter were 
selected as packing material and etched with hydrofluoric 
acid (HF) 5% for 24 h and washed with deionized water for 
making a rough surface and were weighted precisely before 
immobilization. Five different slurry solutions of PAni-TiO2 
with different catalyst compositions were prepared. Each 
solution contained 3.1 g of PAni-TiO2 nanocomposite in 
200 ml deionized water and was continuously mixed for 24 h. 
After that, glass beads were immersed in the slurry for 30 min 
and then removed from the solution and placed in an oven 
for 1 h at 80°C for drying and then heat-treated using a pro-
grammable furnace. Finally, the furnace was allowed to cool 
down to room temperature. This heat attachment method 
causes partial sintering of the particles and adhesion of PAni-
TiO2 particles to the glass beads without the need for bind-
ers. The cooling down period took approximately 12 h. After 
that, immobilized glass beads were washed with deionized 
water to remove unattached photocatalyst particles. Then, 
the beads were weighted again. The difference between 
weight of uncoated and coated glass beads is the weight 
which was immobilized on glass beads. Coating process was 
repeated several times until certain catalyst loading (i.e.: 0.1, 
0.2, 0.3, 0.4 and 0.5 mg/cm2) was reached. After completing 

the immobilization, glass beads were removed, mixed and 
put back in the slurry again to prevent the occurrence of 
uncoated regions. Flowchart of PAni-TiO2 immobilization on 
glass beads is shown in Fig. 2.

2.4. Characterization of PAni-TiO2 nanocomposite

In this study, different methods of characterization 
including FTIR, XRD, PSA, SEM and EDS were used to 
describe the characteristics of synthesized PAni-TiO2 
nanoparticles. X-ray diffraction (XRD) patterns were used 
to determine the structural characteristics and crystalline 
phases of nanoparticles using a scattering detector Bruker 
D8 Advance (Billerica, Massachusetts) at a voltage of 40 kV 
and 45 mA using radiation CuKα (λ = 1.5406 Å). The XRD 
pattern data were collected for the 2θ values between 10° 
and 90° and a scanning rate of 0.02°/s. The Fourier‐transform 
infrared spectra were recorded by using an FTIR spectrom-
eter (spectrum RXI, PerkinElmer). Immobilized PAni-TiO2 
nanoparticles were coated with gold, using a Desk Sputter 
Coater (Dsr1 Nanostructural coating) and observed via scan-
ning electron microscope (SEM) and EDS (TESCAN Vega 3). 
Particle size analysis (PSA) was conducted to determine the 
size distribution of nanoparticles using the HORIBA, DLS 
Version LB-550.

2.5. Apparatus

A photocatalytic reactor in pilot scale was designed and 
constructed for photocatalytic degradation of 1,2-DCE. Three 
cylindrical photocatalytic reactors were connected to each 
other in series by connecting polyethylene tubes and were 
mounted on the geometric center of three aluminum collec-
tors (15 cm in diameter, with an axial distance of 20 cm from 
each other) to reflect radiation of light back into the reactors. 
Each reactor consists of three concentric cylinders and a cen-
tral lamp which enables the reactor to perform either visible 
or UV tests by replacing the lamp. A cylindrical quartz tube 
surrounded the lamp, a cylindrical Pyrex tube surrounded 

3.1 g TiO2 powder + 1ml pani + 90 ml HCl 37%  1 M were mixed and stirred for 1 h 
in three-neck round-bottom flask capacity 250 ml in an ice-water bath 

 in the presence of N2 gas

100 ml HCl 1 M + 2.5 gr APS were added dropwise into the reaction vessel during 1 h

After 4 h the precipitated dark green-colored PAni-TiO2 nanocomposite powder was 
filtered and washed with deionized water, then with 50 ml of ethanol and 30 ml of ether

After the product was dried at 80°C  for 8 h, it was ready for immobilization on glass 
beads

Fig. 1. Flowchart of synthesis of PAni-TiO2 nanocomposite.
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the quartz tube for photocatalytic reactions and a Pyrex 
cylindrical tube surrounded the reaction tube for controlling 
temperature of the reaction under 15°C through the process 
by circulation of cooling water to prevent evaporation of 1,2-
DCE. Other parts of the photoreactor are shown in Fig. 3.

2.6. Design of experiments

In this research, catalyst composition and catalyst load-
ing were considered as independent parameters. Ranges of 
these parameters were determined based on literature and 
preliminary experiments. The removal efficiency of 1,2-DCE 
was considered as the response parameter. Central compos-
ite design (CCD) based on response surface method (RSM) 
was selected for designing the experiments. Total number of 
experiments was calculated as:

N = 2k + 2k + C0 = 22 + 2 × 2 + 3 = 11� (1)

where N is the total number of experiments required, k is the 
number of parameters, 2k is axial runs and C0 is the center 
point runs. Design of experiments and results are shown in 
Table 1.

2.7. Response surface methodology

In this research, response surface method (RSM) based 
on central composite design (CCD) was applied for design 
of experiments. RSM presents a multivariable regression 

equation to predict the response parameter using the least 
amount of data. The fitted equation can be a polynomial with 
a maximum degree of two in the following form:

Y x x x xi
i

k

i ii
i

k

i ij
i j
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2
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where Ypred is predicted value of the response parameter; 
β0 is constant coefficient; βi is linear effect of parameter xi; 
βii is the second order effect of parameter xi; and βij is the 
interaction linear effect of parameter xi and xj. The statistical 
significance of each β coefficient is investigated using the 
analysis of variance (ANOVA). If the relationship between 
independent parameters and the response parameter is 
linear, βii and βij will not be significant and must be equal 
to zero [30]. The results were analyzed using analysis of 
variance (ANOVA) by Design expert (trial version 10.0.6.0, 
Stat-Ease Inc.) software. 

2.8. Photocatalytic degradation of 1,2-DCE

All tests were carried out at radiation of a 150 W xenon 
lamp except for blank and adsorption tests, Wastewater flow 
of 40 L/h, aeration flow of 2 L/min, initial concentration of 
200 mg/l and pH of 7. HCl and NaOH (1 M) were used for 
pH adjustment. Before starting the main experiments, blank, 
adsorption and photolysis tests were carried out. The blank 
test was carried out with uncoated glass beads and without 

Glass beads were etched with dilute hydrofluoric acid (5% v/v)  for 24 h and 
washed with deionized water 

3.1 g of PANI-TiO2 powder were mixe d with 200 ml deionized water and 
continuously stirred for 24 h 

Glass beads were immersed in the slurry and stirred for 30 min

Glass beads were placed in an oven for 1 h at 80°C for drying

Coated glass beads were placed in a programmable furnace at 550°C and 
cooled down naturally

The glass beads were washed with deionized water for the removal of free 
photocatalyst particles

This process was reapeated several times until certain catalyst loading reached.

The coated glass beads were ready for photocatalytic degradation tests

Fig. 2. Flowchart of PAni-TiO2 immobilization on glass beads.
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irradiation to find the amount of 1,2-DCE released to the 
atmosphere after 2 h as a result of circulation, stirring and 
volatility of 1,2-DCE. In blank test, two samples were taken 
for GC-MS analysis from wastewater and cooling water 
respectively. The adsorption test was carried out with coated 

glass beads and without irradiation to find the amount of 
1,2-DCE adsorbed on the surface of coated glass beads. The 
photolysis test was carried out to find the amount of 1,2-
DCE degraded due to irradiation of xenon lamp for 2 h with 
uncoated glass beads. For all tests, After 2 h, a sample was 

Fig. 3. Schematic of the photo-reactor designed and constructed for photocatalytic degradation of 1,2-DCE: (A) cylindrical 
photocatalytic reactors, (B) aluminum collectors, (C) Wastewater tank, (D) Water tank, (E) Temperature adjusting tank, (F) wastewater 
flow meter, (G) air flow meter, (H) Aeration pump, (I) water pump, (J) wastewater pump, (k) power switch, (L) digital temperature 
controller display, on/off switches for (M) lamps, (N) wastewater pump, (O) water pump, (P) mixer, (Q) water circulation between 
submersible pumps, (R) air pump, (S) water level monitoring, (T) controller for heater temperature, (U) on/off switch for heaters, and 
(V) sampling port for each reactor.

Table 1
Central composite design (CCD) matrix and results for photocatalytic degradation of 1,2-DCE

Range and level
Factors Units –α Low (–1) Middle (0) High (+1) + α

Catalyst loading mg/cm2 0.1 0.2 0.3 0.4 0.5
Catalyst composition [TiO2:PAni] 0.3 1.0 1.7 2.4 3.1

Design matrix
Run Type Catalyst loading 

(mg/cm2)
Catalyst composition 
[TiO2:PAni]

Degradation % 
(actual)

Degradation % 
(predicted)

1 Factorial 0.4 1 51.231 51.677
2 Factorial 0.2 2.4 65.163 65.276
3 Axial 0.3 3.1 74.501 74.526
4 Center 0.3 1.7 60.432 59.587
5 Factorial 0.4 2.4 71.304 71.421
6 Axial 0.5 1.7 66.239 66.097
7 Factorial 0.2 1 48.528 48.971
8 Axial 0.3 0.3 38.781 38.476
9 Center 0.3 1.7 60.025 59.587
10 Axial 0.1 1.7 57.384 57.246
11 Center 0.3 1.7 58.863 59.587
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withdrawn to calculate the amount of 1,2-DCE removal using 
the following equation:

1 2 1000

0

, � �
�

�dichloroethane removal %
C C
C

t
� (3)

where C0 (mg/l) is the initial concentration of 1,2-DCE at t = 0 
and C0 (mg/l) is the concentration of 1,2-DCE at time t.

2.9. Comparison of photocatalytic activity of PAni-TiO2 and 
pristine TiO2 

For investigating the effect of doping on 1,2-DCE 
degradation efficiency, the photocatalytic activity, the optimum 
catalyst (catalyst composition [2.4:1] and catalyst loading 
0.4 mg/cm2) was compared with the photocatalytic activity of 
pristine TiO2 with catalyst loading (0.4 mg/cm2) under visible 
light irradiation. The same operational parameters of designed 
tests were applied (wastewater flow of 40 L/h, aeration flow of 
2 L/min, initial concentration of 200 mg/l and pH of 7).

3. Results and discussion

3.1. Characterizations of PAni-TiO2 nanocomposite

As shown in Fig. 4, for the best PAni-TiO2 composition 
[2.4:1] (Fig. 4(f)), the main characteristic peaks of doped PAni 
are assigned as follows: the band at 3,433 and 2,925 cm–1 
can be attributed to non-hydrogen bonded N‒H stretching 
vibration and hydrogen-bonded N‒H bond between amine 
and imine sites; C=N and C=C stretching modes for the qui-
nonoid and benzenoid units occur at 1,563 and 1,477 cm–1, 
the bands at 1,295 and 1,242 cm–1 have been attributed to the 
C‒N stretching mode for benzenoid unit, while the peak at 
801 cm–1 is associated with C‒C and C‒H for benzenoid unit 
[31] The characteristic peaks of TiO2 at 1,128 and 506 cm–1 
were also found in the spectrum of PAni-TiO2 nanocompos-
ite. The characteristic peaks from the PAni are seen at 1,295, 
1,477 and 1,563 cm–1, corresponding to the stretching modes of 
C‒ N and C=N bonds. After titania was introduced, all peaks 
shifted to higher wavenumbers. The characteristic peak of 
N‒H stretching mode at 3,433 cm–1 of PAni shifted to a lower 
wavenumber in the PAni-TiO2 composite, and the hydrogen 
bond absorption at 2,925 cm–1 is strengthened after TiO2 was 
introduced. These findings reveal that the hydrogen bonding 
in the PAni complex became stronger after complexing with 
TiO2. The results also suggest that there is strong interaction 
between the polyaniline and nanocrystalline TiO2 [29,32,33].

The particle-size analysis (PSA) was used to achieve a 
better view of the synthesized PAni-TiO2 dimensions for the 
best PAni-TiO2 composition [2.4:1]. As shown in Fig. 5, mean 
diameter of particles was 33.5 nanometer. Based on this anal-
ysis, it may be argued that during the synthesis, nano-sized 
particles were produced.

The SEM analysis was used for a better view of the 
nanoparticles (Fig. 6). Comparison of Fig. 6(a) and Fig. (b) 
showed that PAni-TiO2 nanoparticles were successfully 
immobilized on the surface of glass beads. EDS analysis was 
used to prove the presence of TiO2 and PAni (C6H7N) on the 
surface of the samples. 

Fig. 7(a) illustrates EDS spectra of unimmobilized glass 
beads and Fig. 7(b) illustrates EDS spectra of immobilized 
glass beads. Based on the results, the peaks of the Ti, O, C 
and N elements were observed in the sample, and the inten-
sity of each peak was proportional to the weight percentage 
of atoms.

The X-ray diffraction pattern of PAni-TiO2 with different 
compositions is presented in Fig. 8. For the best PAni-TiO2 
composition [2.4:1], the anatase TiO2 had 2θ values at 25.27°, 
37.78°, 48.07°, 54°, 55.11°, and 63°. Therefore, the peaks of 
2θ at 10.3°, 14.0°, 15.7°, 16.9°, and 27.4° of PAni disappeared 
and a peak at 20.8 became weaker. The results suggest that 
the addition of nanocrystalline TiO2 hampers the crystal-
lization of the PAni molecular chain and the deposition of 
PAni on the surface of TiO2 has no effect on the crystallinity 
of TiO2 nanoparticles. Therefore, the polymorph of TiO2 in 
the PAni-TiO2 nanocomposite is still in the anatase form. This 
is because when the deposited polyaniline is absorbed onto 
the surface of the nano-TiO2 particle, the molecular chain of 
absorbed polyaniline is tethered and the degree of crystallin-
ity decreases [34,35].

3.2. Blank, adsorption and photolysis tests

Result of GC-MS analysis for blank test showed that 
the amount of 1,2-DCE released to the atmosphere after 2 h 
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Fig. 4. FT-IR spectra of (a) pure TiO2, (b) pure PAni, (c) PAni:TiO2 
[1:0.3], (d) PAni:TiO2 [1:1], (e) PAni:TiO2 [1:1.7], (f) PAni:TiO2 
[1:2.4], and (g) PAni:TiO2 [1:3.1].

Fig. 5. PSA pattern of PAni-TiO2.
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as a result of circulation, stirring and volatility of 1,2-DCE 
was 8.36%. Results also showed that the amount of 1,2-DCE 
entering from wastewater to cooling water was less than 0.1%, 
which is really negligible and indicates that the reactor was 
completely sealed. Result of GC-MS analysis for adsorption 
test showed that the amount of 1,2-DCE adsorbed on the sur-
face coated glass beads was 14.08%. Result of GC-MS anal-
ysis for photolysis test showed that the amount of 1,2-DCE 
degraded due to irradiation of xenon lamp for 2 h with 
uncoated glass beads was 27.30%. However, the adsorption 
removal percent of 14.08% is due to the amount of 1,2-DCE 
released to the atmosphere after 2 h as a result of circulation, 

stirring and volatility of 1,2-DCE (8.36%) plus the amount of 
1,2-DCE degraded due to adsorption (14.08%–8.36% = 5.72%). 
Also the photolysis removal percent of 27.30% is due to the 
amount of 1,2-DCE released to the atmosphere after 2 h as a 
result of circulation, stirring and volatility of 1,2-DCE (8.36%) 
plus the amount of 1,2-DCE degraded due to photolysis 
(27.30%–8.36% = 18.94%). It is evident that mass transfer 
happens and it should be considered as an experimental 
error in the analytical results. this results was in agreement 
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Fig. 6. SEM images for (a) uncoated glass beads and (b) coated 
glass beads.

C K
N K

O K

SiK

TiK

TiK

TiL

keV0

500

1000

1500

2000

2500

3000

0 10.00

Elt W% A%

O 50.29 69.19

Na 9.20 8.81 

Mg 1.01 0.92 

Al 0.88 0.72 

Si 21.38 16.75

Ca

Au

3.86 

13.38 

2.12 

1.50 

Elt W% A%

C 29.02 40.91 

N 14.37 17.37 

O 30.56 32.35 

Si 0.62 0.37 

Ti 25.43 8.99 

O K

NaK

MgK
AlK

SiK

CaK

CaK

CaL

AuLAuLl

AuM
AuM

keV0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

0 10.00

(a)

(b)

Fig. 7. EDS spectra for (a) uncoated glass bead and (b) coated 
glass bead with PAni:TiO2 (1:2.4).



79M. Mohsenzadeh et al. / Desalination and Water Treatment 155 (2019) 72–83

with the results of previous study [5] which reported that (1) 
without adding any additive and in the absence of radiation 
(in blank test), the initial concentration of 1,2-DCE in solution 
decreases by 6%, 12%, and 15% after 2, 4, and 6 h stirring, 
respectively, and (2) With 24W UV radiation (photolysis), the 
removal percentages after 2, 4, and 6 h were 15%, 34%, and 
48%, respectively.

3.3. Comparison of photocatalytic activity of PAni-TiO2 and 
pristine TiO2

The photocatalytic activity of pristine TiO2 and PAni-TiO2 
were compared. As shown in Table 2, removal efficiency for 
PAni-TiO2 [1:2.4] and pristine TiO2 was 71.30% and 33.45% 
respectively which indicates that under visible light irradia-
tion, PAni-TiO2 has much better performance compared with 
pristine TiO2. This is in agreement with the results of previous 
studies which showed that using pure TiO2 under UV and 
solar irradiation had lesser effect than using PAni-TiO2 on the 
photocatalytic degradation of organic pollutants [19,29].

3.4. Modeling of photocatalytic degradation using RSM

In order to determine the adequacy of the first-order and 
second-order model, the normal plots, the residual analysis, 
the main effects, the contour plot, and analysis of variance 
(ANOVA) statistics (R2, adjusted R2, and lack-of-fit) were 
examined. As shown in Table 3, the software suggested 
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Fig. 8. X-ray diffraction patterns of (a) pure TiO2, (b) pure PAni, 
(c) PAni:TiO2 [1:0.3], (d) PAni:TiO2 [1:1], (e) PAni:TiO2 [1:1.7], 
(f) PAni:TiO2 [1:2.4], and (g) PAni:TiO2 [1:3.1].

Table 3
Sequential model fitting for the photocatalytic degradation of 1,2-DCE

Source Sum of squares df Mean square F- value Prob > F Remark

Sequential model sum of squares
Mean vs. total 38,700.00 1 38,700.00
Linear vs. mean 1,033.43 2 516.71 128.77 <0.0001
2FI vs. linear 2.96 1 2.96 0.71 0.4273
Quadratic vs. 2FI 27.16 2 13.58 34.21 0.0012 Suggested
Cubic vs. quadratic 0.16 2 0.082 0.13 0.8794 Aliased
Residual 1.82 3 0.61
Total 39,765.53 11 3,615.05

Lack of fit tests
Linear	 30.78 6 5.13 7.74 0.1188
2FI 27.82 5 5.56 8.40 0.1098
Quadratic 0.66 3 0.22 0.33 0.8084 Suggested
Cubic 0.50 1 0.50 0.75 0.4779 Aliased
Pure error 1.33 2 0.66

Model summary statistics
Source Std. Dev. R2 Adjusted R2 Predicted R2 PRESS Remark

Linear 2.00 0.9699 0.9623 0.9162 89.30
2FI 2.04 0.9726 0.9609 0.9204 84.80
Quadratic 0.63 0.9981 0.9963 0.9930 7.51 Suggested
Cubic 0.78 0.9983 0.9943 0.9385 65.54 Aliased

Table 2
Effect of PAni-TiO2 and pristine TiO2 on the removal efficiency 
of 1,2-DCE

Catalyst Pristine TiO2 Pani-TiO2 [1:2.4]

Catalyst loading (mg/cm2) 0.39 0.39
C0 (mg/l) 200 200
Ct (mg/l) 133.08 57.39
Removal efficiency % 33.45 71.30
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quadratic model by verifying lack of fit and model summary 
statistics. The model adequacy was further checked using 
ANOVA and is depicted in Table 4. The model F-value of 
535.78 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 
Values of “Prob > F” less than 0.0500 indicate model terms are 
significant. It means all factors, with respect to main, inter-
actions and quadratic terms, are significant. The “lack of fit 
F-value” of 0.33 implies the lack of fit is not significant relative 
to the pure error. There is an 80.84% chance that a “lack of fit 
F-value” this large could occur due to noise. Non-significant 
lack of fit is good, because we want the model to fit. The “pred 
R-squared” of 0.9930 is in reasonable agreement with the 
“Adj R-squared” of 0.9963; i.e. the difference is less than 0.2. 
“Adeq Precision” measures the signal to noise ratio. In this 
study, ratio of 77.467 indicates an adequate signal. Therefore, 
this model can be used to predict the experimental data.

Final equation in terms of actual factorscan be expressed 
as follows:

1 2 DCE removal
37 4654
3 168 Catalyst loading
14 5431

,
.
.
.

� �
�
� �
�

0
0 0 0

66 Catalyst composition
12 28 34 Catalyst loading catalyst

�
� � �. 0   composition

52 11265 Catalyst loading
1 57425 Catalyst 

2� �

� �

.
. ccomposition2

� (4)

From the comparison of the graphical representation of 
actual vs. predicted values, as shown in Fig. 9(a), this model 
explains perfectly the experimental range studied. The min-
imal difference between data points and the straight line in 
Fig. 9(b) explain that studentized residuals follow a normal 
distribution. 

In order to consider the behavior of responses due to 
the deviation from the center point (X = 0 for each factor 
while the other factors are kept constant), perturbation plot 
as a sensitivity analysis was used. Here, the positive effect 
means that response (Y) increases with enhancement of inde-
pendent parameter level (X), and the negative effect means 
that response decreases due to increasing of independent 
parameter level [9]. As shown in Fig. 10, two independent 

parameters had a significant positive effect on the 1,2-DCE 
removal efficiency. Significant increase in 1,2-DCE removal 
was observed due to catalyst composition (B) variation. This 
finding is in accordance with previous studies [18,29,] that 

Table 4
ANOVA and lack-of-fit (LOF) test for response surface quadratic model of 1,2-DCE degradation

Source Sum of squares df Mean square F-value Prob > F Remarks

Model 1,063.55 5 212.71 535.78 <0.0001 Significant
A-coating mass 58.75 1 58.75 147.99 <0.0001
B-catalyst composition [TiO2:PAni] 974.67 1 974.67 2455.03 <0.0001
AB 2.96 1 2.96 7.45 0.0414
A2 5.24 1 5.24 13.20 0.0150
B2 11.49 1 11.49 28.93 0.0030
Residual 1.99 5 0.40
Lack of Fit 0.66 3 0.22 0.33 0.8084 Not significant
Pure error 1.33 2 0.66
Correction total 1065.53 10
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Fig. 9. Plot of (a) actual vs. predicted values of 1,2-DCE removal 
efficiency and (b) normal probability plots of studentized 
residuals.
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claimed that [PAni: TiO2] with [1:3] composition had the best 
photocatalytic degradation efficiency. Variation of catalyst 
loading (A) had a lesser effect on increasing 1,2-DCE removal 
efficiency. It can be argued that according to [36], when coat-
ing mass is thin, the absorption of the light isn’t sufficient, 
therefore, the photocatalyst layer is not as active as its highest 
possible level. When coating mass increases, light-induced 
electron-hole pairs created near the photocatalyst-substrate 
interface which maximizes the rate of photocatalytic deg-
radation. With further increment in the coating mass, light 
penetration decreases and electron-hole pairs are created far 
from the photocatalyst-substrate interface, which increases 
the recombination rate.

Fig. 11(a) illustrates a 3D surface plot of the polynomial 
which was obtained from Eq. (4) by using the experimental 
data. It is obvious from contour plot in Fig. 11(b) that when 
catalyst loading and catalyst composition increase, the deg-
radation efficiency smoothly increases. These findings are in 
agreement with results of previous works by [29,30].

3.5. Optimization

Optimization was carried on the basis of desirability 
function in order to find the optimal conditions for the pho-
tocatalytic degradation of 1,2-DCE. The criteria for optimiza-
tion of studied factors in correspondence with degradation 
percentage are shown in Table 5. Catalyst composition and 
catalyst loading were assigned as within range with corre-
sponding importance of 3. Higher degradation is usually 
preferable in photocatalytic degradation tests, so, importance 

of 5 was assigned as the maximum goal. The lower limit and 
upper limit values of all responses are taken from the CCD 
design levels. 

According to Fig. 12, By using all above described settings 
and boundaries, the software optimized 70.59% degradation 
of 1,2-DCE with calculating the optimized model factors of 
catalyst composition [TiO2:PAni] at [2.33:1] and catalyst load-
ing at 0.39, respectively. 
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Fig. 11. (a) 3D response surface and (b) Contour plot for 1,2-DCE 
photocatalytic degradation.

Table 5
Optimization of the individual responses in order to obtain the overall desirability response

Name Goal Lower limit Upper limit Lower weight Upper weight Importance

Catalyst composition In range 1 2.4 1 1 3
Catalyst loading In range 0.2 0.4 1 1 3
1,2-DCE degradation Maximize 38.7818 74.5017 1 1 5



M. Mohsenzadeh et al. / Desalination and Water Treatment 155 (2019) 72–8382

4. Conclusion

The performance of synthesized PAni-TiO2 nanocomposite 
for photocatalytic degradation of 1,2-DCE in a designed 
and constructed pilot scale continuous photocatalytic 
reactor under xenon light irradiation was investigated. The 
synthesized nanocomposite was immobilized on glass beads 
by a modified dip coating and heat attachement method. The 
characteristics of synthesized PAni-TiO2 nanoparticles were 
confirmed using FTIR, XRD, PSA, SEM and EDS techniques. 
For optimization of catalyst, two influential parameters 
of catalyst composition and catalyst loading were consid-
ered as independent parameters. 1,2-DCE degradation was 
selected as the response variable. Based on the results, opti-
mum conditions of catalyst can be reached with catalyst 
loading of 0.39 mg/cm2 and catalyst composition of [2.33:1]. 
In this study (1) PAni-TiO2 nanocomposite was successfully 
immobilized on glass beads by a modified dip coating and 
heat attachement method, (2) 1,2-DCE was successfully 
degraded by using synthesized PAni-TiO2 nanocompos-
ite under visible light irradiation and (3) the designed and 
constructed packed bed continuous photoreactor performed 
well for conducting photocatalytic degradation of 1,2-DCE 
experiments and (4) for experimental conditions of this work, 
PAni-TiO2 nanocomposite was more effective than pristine 
TiO2 under visible light irradiation. 
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