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Abstract

1,2-Dichloroethane is one of the most hazardous environmental pollutants in wastewaters. It is mainly used to produce vinyl
chloride monomer, the major precursor for PVC production. It is determined to be a probable human carcinogen and has been
listed as a priority pollutant by the United States Environmental Protection Agency. Due to high chemical stability and low
biodegradability of 1,2-dichloroethane, heterogeneous photocatalysis was used for degradation of this chlorinated hydrocarbon.
PAni-TiO, nanocomposite was synthesized by in situ deposition oxidative polymerization method and immobilized on glass
beads by a modified dip coating and heat attachment method. The characteristics of synthesized PAni-TiO, nanoparticles were
confirmed using the results of morphology tests including Fourier-transform infrared spectra, X-ray diffraction patterns, particle
size analysis, UV-Visible spectrophotometer, scanning electron microscope, and energy-dispersive X-ray spectroscopy. The
performance of photocatalytic degradation of 1,2-dichloroethane using synthesized PAni-TiO, nanocomposite in a designed
and constructed pilot scale packed bed recirculating photocatalytic reactor under xenon light irradiation was investigated. The
response surface methodology based on the central composite design was used to evaluate and optimize the effect of 1,2-
dichloroethane concentration, residence time, pH, and coating mass as independent variables on the photocatalytic degradation
of 1,2-dichloroethane as the response function. Results showed that actual and predicted results were well fitted with R? of
0.9870, adjusted R of 0.9718, and predicted R* of 0.9422. The optimum conditions for 1,2-dichloroethane photocatalytic
degradation were the 1,2-dichloroethane concentration of 250 mg/L, the residence time of 240 min, pH of 5, and coating mass
of 0.5 mg/em?, which resulted in 88.84% photocatalytic degradation. Kinetic of the photocatalytic degradation at optimal
condition follows the Langmuir-Hinshelwood first-order reaction with & = 0.0095 min_' with R* = 0.9455. Complete photocat-
alytic degradation of 1,2-DCE was achieved after 360 min.
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frequently detected in industrial wastewaters (Vazirzadeh et al.
2012). 1,2-Dichloroethane (1,2-DCE) is one of the most im-
portant chlorinated hydrocarbons that is not found naturally in
the environment. It is mainly used in the petrochemical indus-
try for the production of vinyl chloride, the main precursor for
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PVC production (Huang et al. 2014). Public exposure to 1,2-
DCE can occur from breathing contaminated air or consump-
tion of contaminated water. Breathing in 1,2-DCE can cause
irritation to the eyes, skin, nose, throat, and lungs. Ingestion
can cause effects on the liver, kidneys, and nervous system
(Tian et al. 2019; Wang et al. 2016; Wang et al. 2017). It is
determined to be a probable human carcinogen and has been
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listed as a priority pollutant by the United States
Environmental Protection Agency (U.S. EPA) (Pham et al.
2009). The maximum contaminant level (MCL) for 1,2-
DCE in drinking water is 5 pg/L and the maximum contam-
inant level goal (MCLGQ) is set as zero by the U.S. EPA (Liu
et al. 2014).

Iran is one of the largest polyvinyl chloride (PVC) pro-
ducers in the world. Arvand petrochemical complex, located
at Bandar Imam, was founded in 2010. In 2012, about
300,000 tons of polyvinyl chloride (PVC) was produced at
the Arvand petrochemical complex. Bandar Imam
Khomeini, Abadan, and Qadir are the three other petrochem-
ical complexes producing PVC with an aggregate production
capacity of over 405,000 tons per year (Bijhanmanesh and
Etesami 2016; Maleki et al. 2016). During the production of
1000 kg of 1,2-DCE, about 0.4 m’ wastewater with 50-200
mg/L of 1,2-DCE is produced (Eydivand and Nikazar 2015).
It is obvious that 1,2-DCE is a major environmental pollution
in Iran’s petrochemical industry. Therefore, this synthetic
compound was selected as the target pollutant in the present
study.

Physical, chemical, and biological treatment processes
have been studied for 1,2-DCE degradation (Bejankiwar
et al. 2005; De Wildeman et al. 2001; Eydivand and Nikazar
2015; Lin et al. 2014; Liu et al. 2014; Mohsenzadeh et al.
2019a; Pham et al. 2009). 1,2-DCE is a low biodegradable
and chemically stable environmental pollutant. Therefore, het-
erogeneous photocatalysis was selected as a non-selective
process for degradation of 1,2-DCE by oxidation through re-
actions with reactive species (hydroxyl radicals and super ox-
ide radicals) (Hajian et al. 2017; Hung et al. 2008).

TiO, is widely used as a photocatalyst. However, the low
overlap between the absorption spectrum of TiO, and the vis-
ible spectrum decrease the photoreaction rates. In addition, the
photocatalytic activity is decreased by the recombination of
electron-hole pairs (Mohammadi and Sabbaghi 2014). The
composition of polyaniline (PAni) and TiO, results in reduc-
ing band gap energy and hindering recombination (Hung et al.
2017; RadoiCi¢ et al. 2017; Sabbaghi et al. 2015; Salem et al.
2009; Yang et al. 2017). PAni-TiO, nanocomposite was syn-
thesized in previous studies by different methods including
sol-gel technique (Schnitzler and Zarbin 2004), hydrothermal
method (Lin et al. 2012), and in situ deposition oxidative
polymerization method (Zhang et al. 2006). PAni-TIO, nano-
composite was immobilized on some supports previously
(Hung et al. 2008; Jinzhang et al. 2007).

Response surface methodology (RSM) is a set of mathe-
matical relationships and statistical techniques for seeking the
optimum response parameter of complicated multivariable
processes with the lowest number of tests. RSM has been
successfully applied to photocatalytic degradation of pollut-
ants (Antonopoulou et al. 2017; Mohsenzadeh et al. 2019b;
Nam et al. 2018; Nekouei and Nekouei 2017).

In this study, a new pilot scale packed bed recirculating
batch photocatalytic reactor was designed and constructed
for photocatalytic degradation experiments. The reactor spec-
ifications are reported in the present study. In addition, PAni-
TiO, nanocomposite was synthesized and immobilized on
glass beads by a modified dip coating and heat attachment
method. The characteristics of nanoparticles were confirmed
using FTIR, XRD, PSA, UV-Vis spectroscopy, SEM, and
EDS techniques. The response surface methodology (RSM)
based on central composite design (CCD) was used for model-
ing and optimization of the effect of 1,2-DCE concentration,
residence time, pH, and coating mass as independent param-
eters on the photocatalytic degradation of 1,2-DCE as the
response parameter. Also, kinetic of the photocatalytic degra-
dation at optimal condition was studied.

Experimental
Chemicals and materials

All chemicals used were of analytical reagent grade and were
used as received. 1,2-Dichloroethane, aniline, n-hexane, hy-
drochloric acid fuming 37%, hydrofluoric acid, sodium hy-
droxide, and ethanol were obtained from Merck (Germany).
Diethyl ether was obtained from Riedel-de Haén (Germany).
Ammonium peroxydisulfate (APS) ((NH,4),S,0Og) was obtain-
ed from Fluka. TiO, nanopowder (anatase phase with average
crystal size of 20 nm) was obtained from US Nano. Deionized
water was used for solution preparation throughout this
research.

Analytical method

Sample collection and preservation was carried out according
to standard methods 6010 B. At specified sampling times, 35
mL of the wastewater was added to a 40-mL glass vial con-
taining 2 mL of n-hexane. Vigorous mixing using Vortex mix-
er at 3200 rpm for 2 min extracted all relevant organic com-
pounds. The extraction vials were turned upside down to
avoid loss to the headspace and placed into a refrigerator at
4 °C. After that, | mL was withdrawn from the hexane phase
of the extraction vial and transferred into a 2-mL autosampler
vial for analysis. Autosampler vials were sealed with parafilm
and were stored in — 80 °C laboratory freezer prior to analysis
(APHA 2012).

Samples were analyzed based on standard methods 6200
B. A DB-5 capillary column with an inner diameter of
0.32 mm and a film thickness of 1.5 wm was used. The
autosampler vials were automatically inserted into the GC
injection port. The oven temperature was increased to 35 °C
and was kept at this temperature for 2 min. Subsequently, the
oven temperature rose to 200 °C with a ramp of 10 °C/min and
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kept at this temperature for 5 min. Afterward, the oven tem-
perature was increased to 225 °C with a ramp of 20 °C/min
and kept at this temperature for 1 min (APHA 2012). Gas
chromatography analysis was carried out using a gas chro-
matograph (Agilent technologies 7890 B GC system) with
mass selective detector (7955 A MSD).

Synthesis of PAni-TiO,

The PAni-TiO, nanocomposite was synthesized by in situ
deposition oxidative polymerization method. As shown in
Figs. 1 and 2.4 g of TiO, nanopowder and 1 mL aniline were
dispersed in 90 mL of 1 M HCI 37% solution under ultrasonic
vibration and mixed by a magnetic stirrer for 1 h in an ice
water bath in the presence of nitrogen gas. Next, 2.5 g APS
was dissolved in 100 mL of 1 M HCl solution and added to the
initial TiO,-aniline solution during 1 h. The obtained solution
was allowed to be polymerized for 4 h. Later, the resulting
precipitated PAni-TiO, (Fig. 2a, ¢) was filtered and washed
with deionized water, ethanol, and ether. After the filtered
material was dried in an oven for 8 h at 80 °C, PAni-TiO,
nanocomposite powder was obtained (Sabbaghi et al. 2015;
Zhang et al. 2006).

Immobilization of PAni-TiO,

Immobilization of PAni-TiO, nanocomposite on glass beads
was carried out by a modified dip coating and heat attachment
method (Balasubramanian et al. 2003; Khalilian et al. 2015;
Khatace 2009; Sakthivel et al. 2002; Salma et al. 2016). As
shown in Fig. 3, glass beads with 10 mm diameter were etched
with hydrofluoric acid 5% for 24 h and were washed with
deionized water for making a rough surface on glass beads.
The slurry solution (2.4 g of PAni-TiO, nanocomposite pow-
der in 200 mL deionized water) was prepared and

continuously mixed for 24 h. The uncoated glass beads were
counted and weighted precisely and put in the stainless steel
mesh which was immersed in the slurry. The glass beads were
mixed for 30 min by a magnetic stirrer (Fig. 2b) and then
removed from the suspension and placed in an oven for
30 min at 80 °C to dry (Fig. 2d), and afterward, the glass beads
were heat-treated by using a programmable furnace. The fur-
nace temperature increased to 100 °C with a ramp of 3 °C/min
and kept at 100 ° C for 1 h. Next, the temperature increased to
550 °C with a ramp of 3 °C/min and was kept at this temper-
ature for an hour. Thereupon, the furnace was allowed to cool
down naturally. This heat attachment method causes partial
sintering of the particles and adhesion of PAni-TiO, particles
to the glass beads without the need for binders. Ultimately, the
unattached photocatalyst particles were washed with deion-
ized water and the beads were dried and weighted again.
Coating mass was obtained as follows:

. w
Coating mass = ” (1)
where W is the difference between the weight of uncoated and
coated glass beads, 7 is the number of coated glass beads, and
A =47 is the surface area of one glass bead with radius 7.
Coating process was repeated several times until certain coat-
ing mass (i.e.: 0.4,0.5,0.6,0.7,and 0.8 mg/cmz) was reached.

Characterization of PAni-TiO, Nanocomposite

(PAni:TiO,) with different catalyst compositions, i.e. ((1:0.3),
(1:1), (1:1.7), (1:2.4), and (1:3.1)), were synthesized previous-
ly. These compositions were determined based on literature
and preliminary experiments. Based on the photocatalytic
degradation experiments, PAni:TiO, with (1:2.4) composition
was found as the optimal composition for 1,2-DCE

2.4 g TiO, powder + 1ml pani + 90 ml Hcl 37% 1M were mixed and stirred for 1 h in an ice-water bath in the
presence of N, gas.

100 ml Hel 1M + 2.5 g APS were added dropwise into the initial solution during 1 h.

After 4 h the precipitated nanocomposite was filtered and washed with deionized water, ethanol and ether.

.

After the product was dried at 80°C for 8 h, PAni-TiO, nanocomposite powder was obtained.

Fig. 1 Flowchart of synthesis of PAni-TiO, nanocomposite
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Fig. 2 Images of a and ¢ B
synthesis and b and d

immobilization of PAni-TiO, on
glass beads

Fig. 3 Flowchart of PAni-TiO,
immobilization on glass beads Glass beads were etched with hydrofluoric acid (5% v/v) for 24 h and washed with deionized water.

3 g of PAni-TiO, powder were mixed with 200 ml deionized water and continuously stirred for 24 hr.

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

Glass beads were placed in an oven for 30 min at 80 °C for drying.

Coated glass beads were placed in a programmable furnace and cooled down naturally.

Glass beads were washed, dried and weighted.

This process was reapeated several times until certain coating mass reached.
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degradation (Mohsenzadeh et al. 2019a). In this study,
PAni:TiO, with (1:2.4) composition was synthesized, charac-
terized, and used for photocatalytic degradation of 1,2-DCE.
Different tests including the FTIR, XRD, PSA, UV-spectros-
copy, SEM, and EDS were used for characterization of syn-
thesized PAni-TiO, nanocomposite. The Fourier-transform in-
frared spectra were recorded with FTIR spectrometer (spec-
trum RXI, PerkinElmer). X-ray diffraction patterns (XRD)
were recorded using a scattering detector Bruker D8
Advance (Billerica, MA) at a voltage of 40 kV and 45 mA
using radiation CuK« (A = 1.5406 A). The XRD pattern data
were collected for the 20 values between 10 and 90° and a
scanning rate of 0.02°/s. Particle size analysis (PSA) test was
performed using HORIBA DLS Version LB-550. The optical
bandgap was calculated from the transmittance data by using
Tauc plot with a JASCO V-730 spectrophotometer.
Immobilized PAni-TiO, nanoparticles were coated with gold
using a Desk Sputter Coater (Dsrl Nanostructural coating)
and were seen by scanning electron microscope (SEM) and
energy-dispersive X-ray spectroscopy (EDS) using TESCAN
Vega 3.

Photocatalytic reactor

A photocatalytic reactor in pilot scale was designed and
constructed for photocatalytic degradation of 1,2-DCE.
Three cylindrical photocatalytic reactors (Fig. 4(A)) were
connected to each other in series by Pneumatic tubes and
mounted on the geometric center of three aluminum col-
lectors (Fig. 4(B)). Collectors were used to reflect radia-
tion of light back into the reactors. Collectors were 15 cm
in diameter, with an axial distance of 20 c¢cm from each
other. Each reactor consists of three concentric cylinders

and a central lamp which enables the reactor to perform
either visible or UV tests by replacing the lamp. Around
the central lamp, a cylindrical quartz tube with an inner
diameter of 2 cm for lamp protection, a cylindrical Pyrex
tube with an inner diameter of 5.5 cm for making contact
between pollutant, immobilized glass beads, dissolved ox-
ygen, and irradiation of xenon lamp and another cylindri-
cal Pyrex tube with an inner diameter of 10 cm for con-
trolling the temperature of the reaction under 15 °C
through the process were mounted, respectively. A 6-L
wastewater tank (Fig. 4(C)) was made of Plexiglas and
equipped with a 400-W heater, a temperature sensor, and
a mechanical mixer. An 8-L water tank (Fig. 4(D)) was
made of Plexiglas and equipped with a water pump, a
temperature sensor, and a submersible pump. An §-L tem-
perature-adjusting tank (Fig. 4(E)) was made of Plexiglas
and equipped with a submersible pump and a 400-W heat-
er. The two submersible pumps were used for the circula-
tion of water between the water tank and temperature-
adjusting tank. Ice cubes were used for cooling down
the water temperature. As shown in Fig. 4(F), a water
flow meter was used to regulate the flow rate of waste-
water between 6 and 60 L per h. In addition, an air flow
meter (Fig. 4(G)) was used to regulate the aeration of inlet
air into the wastewater tank between 2 and 10 L per min.
An aeration pump (Fig. 4(H)) was used with a flow rate of
45 L/min (Hailea brand, ACO 308, 22 W). A water pump
(Fig. 4(1)) was used with a flow rate of 10 L/min (victory/
Hachaso’s brand centrifuge pump, 90 W). A wastewater
pump (Fig. 4(J)) was used with a flow rate of 10 L/min
(victory/Hachaso’s brand centrifuge pump, 120 W). The
control panel of the photocatalytic reactor includes a pow-
er switch (Fig. 4(K)), 5 digital temperature controller

Fig. 4 Schematic of the photocatalytic 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)
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Power switch. (L) Digital temperature controller display, (M) On/oft
switches for 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. (V) Sampling port for each reactor
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displays (Fig. 4(L), Autonics brand model TCN4S), a wa-
ter level monitoring controller (Fig. 4(S)), and a thermo-
static temperature control valve (Fig. 4(T)). Other parts of
the control panel are managed by on/off switches of lamps
(Fig. 4(M)), wastewater pump (Fig. 4(N)), water pump
(Fig. 4(0)), mixer (Fig. 4(P)), water circulation between
submersible pumps (Fig. 4(Q)), air pump (Fig. 4(R)),
heaters (Fig. 4(U)), and sampling ports (Fig. 4(V)).

Experimental design

In this research, the response surface method (RSM) based on
the central composite design (CCD) was applied for designing
experiments by using Design-Expert Software (Stat-Ease
Design Expert v11.1.0.1, trial version). Independent parame-
ters were initial 1,2-DCE concentration (A), residence time
(B), pH (C), and coating mass (D). The removal efficiency
of 1,2-DCE was considered the response parameter for 1,2-
DCE degradation. Range and level of independent parameters
were selected based on literature and preliminary experiments,
as depicted in Table 1.

The total number of experiments was 27, including 16 fac-
torial, 8 axial, and 3 central runs. The proposed RSM regres-
sion equation with multiple independent variables can be done
in the following form:

k k k
Ypred = 50 + Z] ﬁixi + Z] ﬁiix:2 + Zﬁijxixj (2)
= 1= l<]

where Y,eq is predicted value of the response parameter; 3, is
constant coefficient; [3; is the linear effect of parameter x;; (3;; is
the second order effect of parameter x;; and [3;; is interaction
linear effect of parameter x; and x; (Sakkas et al. 2010).

Photocatalytic degradation of 1,2-DCE

Photocatalytic degradation of 1,2-DCE was investigated in the
designed and built recirculating batch photocatalytic reactor.
Five liters of synthetic wastewater containing desired concen-
tration of 1,2-DCE was prepared. HCl and NaOH (2 M) were
used for pH adjustment. All experiments were performed in
wastewater flow of 50 L/h, aeration flow of 2 L/min, and
radiation of a 150-W xenon lamp. At specified sampling
times, a sample was withdrawn for GC-MS analysis according
to the analytical method. The 1,2-DCE removal was obtained
using the following equation:

CO_Ct
0

1, 2—dichloroethane removal% = x 100 (3)

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

Results and discussion
Characterization

The scanning electron microscopy (SEM) analysis was used
for observing the glass beads surface. The comparison of Fig.
5 a and b showed that PAni-TiO, nanoparticles were success-
fully immobilized on the surface of glass beads and particles
were almost spherical and TiO, was uniformly distributed in
the PAni matrix. Figure 5 ¢ and d illustrate that SEM images of
the cross section of coated glass beads. The coating layer
thickness was about 2.74 um. Results of SEM were in agree-
ment with previous studies (Sabbaghi et al. 2015; Zhang et al.
2006). EDS spectra of uncoated and coated glass beads were
depicted in Fig. 5 e and f, respectively. Based on the peaks of
the Si, Ti, O, C, and N elements, the presence of TiO, and
PAni (C¢H,N) on the surface of glass beads was proved.

The crystal structures of the TiO,, PAni, and PAni-TiO,
nanocomposite were studied by the XRD measurement. As
shown in Fig. 6, TiO, had 20 peak values of 25.51°, 38.04°,
48.20°, 54.02°, 55.22°, 62.94°, and 75.30°. The results
showed that with the addition of TiO,, the crystallization of
the PAni molecular chain was reduced. Results also showed
that PAni deposition on the surface of TiO, did not affect the
crystallinity of TiO, nanoparticles. Therefore, TiO, was found
in the anatase form in the PAni-TiO2 nanocomposite. This is
due to the fact that when the deposited PAni is absorbed on the
surface of TiO, nanoparticles, the molecular chain of the
absorbed PAni is tethered and the degree of crystallinity de-
creases (Sabbaghi et al. 2015; Zhang et al. 2006).

Figure 7 shows the FTIR spectrum for TiO,, PAni, and
the PAni-TiO, nanocomposite. As can be seen in the fig-
ure, the main characteristic peaks of the PAni-TiO, nano-
composite are as follows: the band at 2925.11 and 3433.84
cm ' may be assigned to hydrogen-bonded N-H and non-
hydrogen bonded N-H stretching vibration between imine
and amine sites (Sabbaghi et al. 2015; Zheng et al. 1997).
The bands at 1563.99 and 1477.54 cm ™' can be associated
to C=C and C=N for the benzenoid and quinonoid units.
The bands at 1295.97 and 1242.28 cm™ ' were assigned to
the C—N for the benzenoid unit. The band at 801.08 cm ™'
was attributed to the C—C, and C-H for the benzenoid unit.
The specific peaks of TiO, were at 1128.65 and 506.08
cm™'. The peaks of PAni at 1295.97, 1477.54, and
1563.99 cm™ ' were associated with C-N and C=N bonds
(Niu et al. 2003; Sabbaghi et al. 2015; Somani et al. 1999;
Zhang et al. 2006). Based on the results, the composition
of TiO, and PAni strengthened the hydrogen bonding of
the PAni complex which resulted in a strong interaction
between TiO, and PAni.

The particle size analysis (PSA) was used to achieve a
better view of the synthesized PAni-TiO, dimensions. As
shown in Fig. 8, the mean diameter of particles was 33.5
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Table 1 Range and level of
independent parameters

Factors Units e’ Low (= 1) Middle (0) High (+ 1) +
A: 1,2 DCE concentration mg/L 100 150 200 250 300
B: residence time min 60 120 180 240 300
C: pH 3 5 7 9 11

D: coating mass mg/cm? 0.4 0.5 0.6 0.7 0.8

nm. Based on this result, it might be claimed that the synthe-
sized PAni-TiO, particles were at nanoscale.

As shown in Fig. 9a, in the visible light range, the PAni-
TiO, nanocomposite absorption was higher than the pure

Fig.5 SEM images of a uncoated
glass beads, b coated glass beads,
¢ cross image of coated glass
bead, and d cross image with
coating thickness measurement.
EDS spectra for e uncoated glass
beads and f coated glass beads

@ Springer

TiO,, but in the UV range, pure TiO, absorption was higher
than the PAni-TiO, nanocomposite. This finding is in agree-
ment with previous researches (Sabbaghi et al. 2015; Yang
et al. 2017). The optical bandgap of TiO, and PAni-TiO,

200kV WD: 6.86 mm
View field: 190 ym Det: SE
SEM MAG: 1000 x _ Date(midly): 07/31/18

50 pm
SEM MAG: 1.00 kx | Date(m/dly): 07/31118

SEM HV: 10.0kV WO: 12.20 mm
View field: 82.6 ym Det: SE
SEM MAG: 2.29 kx _ Date(midly): 1022118

o
[=]
Puos

250

200(

PET YT ST

i




Environ Sci Pollut Res (2019) 26:31328-31343 31335
23.00r y 100.0
n 1 I
] 1/
PANi-TiO2 1 o
] N
R i z
S 'M u < _§
g W “MWWMWWAMMW bbb i Aeat s MPHA:“ = B éc
> Al i i L L " ] D
= .
C =
_9 4
£ ] E
0.04 H N = 0.0
1.0 10.0 100.0 1000 6000

Tio2

10 20 30 40 50 60 70 80
2 Theta (degree)

Fig. 6 XRD patterns of PAni, TiO,, and PAni-TiO, nanocomposite

was evaluated from the absorption spectrum using the Tauc
relation (Mirbagheri and Sabbaghi 2018a; Soltani et al. 2014):

ahv = B(hu—Eg)n (4)

where av=2.303 A/d, A = absorbance and d = 1 for the stan-
dard quartz cell; hv = hc/A, h is Planck’s constant (6.6261 x
10* j.s.), ¢ is the light velocity (3 x 10°® m/s), and \ is the
wavelength (nm); B is a constant; £, is the average bandgap;
and # is the type of transition. For n=0.5, E, is the direct
allowed bandgap (Mohammadikish et al. 2013; Yang et al.
2017). As shown in Fig. 9b, the evaluated band gap of pure
TiO, and PAni-TiO, nanocomposite was estimated from the
linear portion of the (chv)® versus Av plots about 3.3 and 2.4
eV, respectively. This result indicated that the bandgap of
PAni-TiO, nanocomposite was less than the bandgap of pure

PARI-TiO2

aa)

PAni \ ) |1

Transmittance

Tio2

T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)
Fig. 7 FTIR spectra of PAni, TiO,, and PAni-TiO, nanocomposite

Diameter (nm)

Fig. 8 PSA pattern of PAni-TiO, nanocomposite

TiO,. Hence, PAni-TiO, nanocomposite showed better photo-
catalytic activity under visible light irradiation.

RSM modeling

Designed experiments, actual removal percent, and RSM-
predicted removal percent of the experiments are shown in
Table 2.

Final RSM model equation in terms of actual factors is as
follows:

1,2-DCE Removal = + 7.37151 + 0.045054

x 1,2-DCE Concentration

+ 0.550304

x Residence Time—0.156145
x pH—8.16469

x Coating Mass—0.000890

x Residence Time? (5)

As shown in Table 3, the quadratic model was suggested
due to the lack of fit test and model summary statistics.
Afterward, the analysis of variance (ANOVA) was used for
checking the model adequacy. According to the ANOVA table
(Table 4), The F-value of 143.42 indicated that the model was
significant. P values less than 0.05 indicate that model terms
are significant. In this case, A, B, and B? were significant
model terms. The lack of fit F-value of 0.51 implied that it
could be neglected in comparison with the pure error. The
predicted R* of 0.9870 and adjusted R* of 0.9718 were in
reasonable agreement; i.e., the difference was not more than
0.2. Adeq precision measures the signal to noise ratio. A ratio
greater than 4 is desirable. The ratio of 44.413 implied that the
model could predict the experimental data with reasonable
precision.
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Fig. 9 a UV-Vis absorption spectra and b Tauc plot of pure TiO, and PAni-TiO, nanocomposite

Figure 10a is a graph of the predicted response values ver-
sus the actual response values. The purpose of this figure is to
check the accuracy of values predicted by the model. As illus-
trated, the proposed model could accurately predict the exper-
imental data. The normal probability plot indicates whether
the residuals follow a normal distribution, thus follow the
straight line. As shown in Fig. 10b, the pattern was not like
an S-shaped curve. Therefore, the studentized residuals
followed a normal distribution.

Effect of operational parameters on the 1,2-DCE
removal

Effect of operational parameters including 1,2-DCE con-
centration (A), residence time (B), pH (C), and coating
mass (D) on the 1,2-DCE removal efficiency is shown
in Fig. 11.

Predicted vs. Actual
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40 50 60 70 80 920 100
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Effect of initial 1,2-DCE concentration

During the production of 1000 kg of 1,2-DCE, about 0.4 m’
wastewater with 50200 mg/L of 1,2-DCE is produced
(Eydivand and Nikazar 2015). Therefore, in this study, initial
1,2-DCE concentration was selected in the range of 150-250
mg/L. As shown in Fig. 11a, in this range, the increase in the
initial concentration of 1,2-DCE increased the photocatalytic
degradation. This result was in agreement with the findings of
previous studies (Eydivand and Nikazar 2015; Hung et al.
2008). This result showed that the used photocatalyst (packed
bed—coated glass beads) had the ability for degradation of
higher concentrations of 1,2-DCE. This is a great advantage
for the industrialization of the reactor for photocatalytic deg-
radation of 1,2-DCE.

The photocatalytic removal usually increases with increas-
ing initial concentration of pollutant to a certain level.

Normal Plot of Residuals
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Fig. 10 a Actual values versus predicted values and b normal probability of studentized residuals
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Table2 CCD designed experiments, actual removal percent, and RSM-predicted removal values

Run Space type A: 1,2-DCE concentration  B: residence C: pH

D: coating mass Removal (actual) (%) Removal (RSM-predicted) (%)

(mg/L) time (min) (mg/cm2)
1 Axial 200 180 7 0.8 77.93 78.98
2 Factorial 150 240 5 0.7 90.10 88.44
3 Factorial 250 240 9 0.5 93.20 93.96
4 Factorial 150 240 5 0.5 89.10 90.08
5 Axial 200 60 7 0.6 42.34 40.20
6 Factorial 150 120 9 0.7 55.48 60.23
7 Center 200 180 7 0.6 83.33 80.61
8 Axial 300 180 7 0.6 88.80 85.11
9 Factorial 250 240 9 0.7 93.01 92.32
10 Axial 200 180 11 0.6 79.35 79.98
11 Axial 100 180 7 0.6 79.95 76.10
12 Center 200 180 7 0.6 83.64 80.61
13 Factorial 150 120 9 0.5 59.08 61.86
14 Factorial 250 120 9 0.5 68.43 66.37
15 Factorial 250 240 5 0.5 91.59 94.58
16 Axial 200 180 7 0.4 80.87 82.24
17 Factorial 250 120 5 0.7 61.24 65.36
18 Factorial 250 240 5 0.7 90.14 92.95
19 Factorial 250 120 5 0.5 67.70 66.99
20 Factorial 150 240 9 0.7 88.26 87.82
21 Axial 200 300 7 0.6 96.18 95.38
22 Center 200 180 7 0.6 77.36 80.61
23 Factorial 150 120 5 0.7 62.05 60.85
24 Axial 200 180 3 0.6 83.04 81.23
25 Factorial 150 240 9 0.5 89.62 89.45
26 Factorial 250 120 9 0.7 66.22 64.73
27 Factorial 150 120 5 0.5 61.48 62.49

Eventually, with a further increase in the initial concentration
of the pollutant, the photocatalytic removal decreases. This
decrease is probably due to the following reasons: (1) by in-
creasing the initial concentration of the pollutant to a certain

level, the pollutant molecules can occupy all active sites of the
photocatalyst. Further increase in the initial concentration of
the pollutant increases the need for reactive species (OHe and
0,+—) for photocatalytic degradation of the pollutant.

Table 3 Lack of fit test and

model summary statistics Lack of fit test
Source Sum of squares
Linear 394.58
2FI 343.50
Quadratic 41.67
Cubic 20.49

Pure error 25.04
Model summary statistics

Source Std. Dev.
Linear 4.37
2FI 4.80
Quadratic 2.36
Cubic 3.37

df Mean square F-value p value

20 19.73 1.58 0.4596

14 24.54 1.96 0.3890

10 4.17 0.3328 0.9049 Suggested
10.24 0.8180 0.5501 Aliased
12.52

R? Adjusted R? Predicted R PRESS

0.9181 0.9032 0.8773 628.94

0.9281 0.8832 0.8631 701.48

0.9870 0.9718 0.9422 296.36 Suggested

0.9911 0.9423 04135 3006.20 Aliased
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Table 4 ANOVA test for
response surface quadratic model

1,2-dichloroethane Removal (%)

1,2-dichloroethane Removal (%)

100 ]

90 _|

80

70

60 |

50

40

Source Sum ofsquares df  Meansquare F-value p value
Model 4979.69 5 995.94 143.42 <0.0001  Significant
A—1,2-DCE 121.79 1 121.79 17.54 0.0004
concentration
B—residence time 4565.77 1 4565.77 657.50 < 0.0001
C—pH 2.34 1 2.34 0.3371 0.5677
D—coating mass 16.00 1 16.00 2.30 0.1440
B 273.79 1 273.79 39.43 < 0.0001
Residual 145.83 21 694
Lack of fit 120.78 19 636 0.5077 0.8330  Not significant
Pure error 25.04 2 12.52
Cor total 5125.52 26
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Fig. 11 Effects of operational parameters on the 1,2-DCE removal efficiency: effect of a initial 1,2-DCE concentration, b residence time, ¢ pH, d coating mass
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Fig. 12 Images of a 3D response surface graph and b contour plot for 1,2-DCE degradation

However, the formation of reactive species on the surface of
the photocatalyst remains constant for a constant amount of
photocatalyst, irradiation time, and irradiation intensity.
Therefore, the pollutant degradation rate is decreased. (2)
Increasing the initial concentration of the pollutant can lead
to the production of intermediate products that can be
adsorbed onto the photocatalyst active sites and compete with
pollutant molecules, which may result in the inactivation of
the photocatalyst active sites (Fathinia et al. 2010). (3)
Increasing the initial concentration of the pollutant can de-
crease the number of absorbed photons on the surface of the
photocatalyst which indicates a decrease in the production of
reactive species of OHe and O,°— (Konstantinou and Albanis
2004).

Effect of residence time

Photocatalytic degradation reactions can be initiated by irra-
diation of a photon with sufficient energy on the photocatalyst
surface (Daneshvar et al. 2003, 2004; Habibi et al. 2005).
Therefore, It is obvious that photocatalytic degradation in-
creases with increasing irradiation time. In this study, resi-
dence time was selected in the range of 120-240 min. As
shown in Fig. 11b, the photocatalytic degradation of 1,2-
DCE was about 60%, 90%, and 95% after 120 min, 240
min, and 300 min, respectively. Rate of photocatalytic

degradation decreased after 240 min because the pollutant
molecules cannot occupy all active sites of the photocatalyst
in low pollutant concentrations (Nikazar et al. 2008; Sabbaghi
and Doraghi 2016). Complete degradation was achieved after
360 min.

Effect of pH

In the present study, the effect of pH on photocatalytic degra-
dation of 1,2-DCE in the range of 5 to 9 was investigated. As
illustrated in Fig. 11c, results showed that the photocatalytic
degradation remains at about 80% in the range of pH from 5 to
9. A similar effect of pH on photocatalytic degradation of 1,2-
DCE was reported previously where the initial pH of 3, 7, and
10 was selected for photocatalytic degradation experiments.
Based on the results, the initial pH had no significant effect on
the photocatalytic degradation of 1,2-DCE (Eydivand and
Nikazar 2015). The high removal efficiency in a wide range
of pH is a great advantage for the industrialization of the
photocatalytic degradation of 1,2-DCE because the results
indicated that there is no need for pH adjustment.

Generally, the PH effect on the photocatalytic degradation
is complicated due to its multiple roles, and the observed
effect depending on the type of pollutant and the point of zero
charge (PZC) of the photocatalyst. The PZC is the point at
which the photocatalyst surface charge is zero. Below the

Table 5 Results of numerical

optimization Name Goal Lowerlimit ~ Upperlimit ~ Lower Upper Importance
weight weight
A:1.2-DCE concentration  Isinrange 150 250 1 1 3
B: residence time Isinrange 120 240 1 1 3
C: pH Isinrange 5 9 1 1 3
D: coating mass Isinrange 0.5 0.7 1 1 3
1,2-DCE removal Maximize — 42.3355 96.1842 1 1 5
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Fig. 13 Desirability ramp for
numerical optimization

-

150

A:1,2-DCE Concentration = 250

250 120 240

B:Residence Time = 240

D:Coating Mass = 0.5

42.3355

1,2-dichloroethane Removal = 94.5769

Desirability = 0.970

06.1842 Solution 1 out of 100

PZC, the surface charge of the photocatalyst becomes positive
and absorbs the anionic compounds. Above the PZC, the sur-
face charge of the photocatalyst becomes negative and repels
the anionic compounds (Bechambi et al. 2015; Eydivand and
Nikazar 2015). The holes are considered as the main factors of
photocatalytic degradation at low pH and hydroxyl radicals
are considered as the main factors of photocatalytic degrada-
tion at neutral or high pH (Akpan and Hameed 2009;
Eydivand and Nikazar 2015).

Effect of coating mass

Results of the previous study showed that when the coating
mass was increased in the range of 0.1-0.5 mg/cm?, a slight
increase in photocatalytic degradation was observed
(Mohsenzadeh et al. 2019a). Therefore, in this study, the effect
of coating mass in the range of 0.5-0.7 mg/cm? on the photo-
catalytic degradation of 1,2-DCE was investigated. The re-
sults showed that the increase in coating mass did not signif-
icantly affect photocatalytic degradation. According to Fig.
11d, there even was a slight decrease in photocatalytic degra-
dation. The maximum photocatalytic degradation efficiency
occurred when the coating mass was about 0.5 mg/cm?.
Generally, when the coating layer is thin, the absorption of

Table 6 Confirmation test and results

light is not enough, so the photocatalyst layer is not highly
active. When the coating layer is increased, the light-induced
electron-hole pairs are created, which maximizes the photo-
catalytic degradation. A further increase in the coating layer
increases the recombination rate and decreases the photocata-
lytic degradation of 1,2-DCE.

Many previous studies have shown that there is an opti-
mum thickness for the coating mass (Chen et al. 2000, 2001;
Choi et al. 2001; Yu et al. 2003). Chen et al. reported that
photocatalytic degradation increased with increasing of the
coating mass to an optimum value. A further increase in the
coating mass did not affect the photocatalytic degradation
(Chen et al. 2000). Choi et al. reported that the optimum
thickness of TiO, coating layer was in the range of 1-2 pm,
and a further increase in the thickness of the coating layer
decreased the photocatalytic degradation efficiency (Choi
et al. 2001). Bouarioua and Zerdaoui proved that increasing
weight of coating mass with increasing number of layers to a
certain level resulted in good adhesion with stable form of the
immobilized photocatalyst. However, the over increasing
thickness of TiO, films led to decreasing the electrostatic at-
traction between the two surfaces of TiO, particles and the
support, hence a weakness of the adhesion between them
(Bouarioua and Zerdaoui 2017).

Optimized test

1,2-DCE concentration Residence time pH Coating mass

250 240 5 0.5

Result

Solution 1 of 100 response  Predicted mean Predicted median Observed Std. Dev. n  SEPred 95% Pllow Datamean 95% PI high
1,2-DCE removal 93.533 93.533 2.63518 3 2.85326 87.5994 88.84 99.4667
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Figure 12a shows a 3D response surface and Fig. 12b il-
lustrates contour plot of 1,2-DCE photocatalytic degradation
as a function of 1,2-DCE initial concentration and residence
time. Three-dimensional response surface was obtained from
Eq. 5 using experimental data. Based on this figure, it was
observed that with increasing 1,2-DCE concentration and res-
idence time, photocatalytic degradation smoothly increased.
As a result, the designed and built photocatalytic reactor can
be used for degradation of higher initial 1,2-DCE concentra-
tions. Therefore, there is no need to dilute the 1,2-DCE waste-
water in the industrialized scale photocatalytic reactor.

Optimization and confirmation

According to Table 5, numerical optimization was performed
by design expert software to find a specific point of the re-
sponse surface that maximizes the desirability function. The
results are depicted in Fig. 13. The software optimized 1,2-
DCE removal (94.58%) by optimizing independent variables
of 1,2-DCE concentration, residence time, pH, and coating
mass at 250 mg/L, 240 min, 5, and 0.5 mg/cmz, respectively.

The validation tests were performed in optimized condi-
tions to evaluate the model’s accuracy to predict the optimal
values of the independent variables. Table 6 reveals the aver-
age photocatalytic degradation of the optimized tests was
88.84%, which fell within 95% of the prediction interval
bands, which confirmed that the optimization by RSM tech-
nique was successful.

Two-sided confidence = 95%

Kinetics study

To study the kinetics of photocatalytic degradation of 1,2-
DCE, photocatalytic degradation experiments were performed
under optimal conditions of 1,2-DCE concentration of 250
mg/L, pH of 5, and coating mass of 0.5 mg/cm?. The kinetic
of the heterogeneous photocatalytic degradation process fol-
lows the Langmuir-Hinshelwood model (Martinez et al. 2011;
Mirbagheri and Sabbaghi 2018b). Usually, first-order kinetics

seems to be adequate, and various studies were well fitted by
the pseudo-first-order model. The pseudo-first-order model
can be expressed as follows (Konstantinou and Albanis
2004; Nguyen-Phan et al. 2011):

lnC£0 = —Kppt (6)
where C is the pollutant concentration at time ¢, Cy is the
pollutant initial concentration, Ky, is the value of the apparent
first-order rate constant, and ¢ is the time. According to Fig.
14, the pseudo-first kinetics model was tested with the exper-
imental data of the optimized tests and the results indicated
that the first-order rate constant was 0.0095 min_ ' with R of
0.9455.

Conclusion

In this study, synthesis of PAni-TiO2 was confirmed by mor-
phology tests. Immobilization of the photocatalyst on the sur-
face of glass beads was successfully achieved by a modified
dip coating and heat attachment method. A new pilot scale
packed bed photocatalytic reactor was designed and construct-
ed. Based on the results, 1,2-DCE was completely degraded
using immobilized PAni-TiO, nanocomposite under visible
light irradiation. PAni-TiO, nanocomposite enhanced the pho-
tocatalytic degradation of 1,2-DCE under visible light irradi-
ation by reducing bandgap and hindering recombination.
Photocatalytic degradation of 1,2-DCE was modeled and op-
timized by RSM technique. The optimum conditions for 1,2-
DCE photocatalytic degradation were the 1,2-DCE initial con-
centration of 250 mg/L, the residence time of 240 min, pH of
5, and coating mass of 0.5 mg/cm?, which resulted in 88.84%
photocatalytic degradation. Kinetic of the photocatalytic deg-
radation process was studied under optimum conditions. It
was found that there was no need for 1,2-DCE wastewater
dilution and pH adjustment for achieving high degradation
efficiency. These are great advantages for the industrialization
of'photocatalytic degradation of 1,2-DCE. To sum up, it seems
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that the designed and constructed photocatalytic reactor has
the potential for scaling up.
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