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Abstract
Photocatalytic degradation of paraquat (PQ) aqueous solutions was studied in
a fixed bed photoreactor under UV irradiation at 368 nm. This contained
β-SiC alveolar foams coated with TiO2 P25 by dip-coating method. SEM analyses revealed that the surface of the film did not exhibit cracks in the presence of TTIP as a binder in the TiO2 P25 suspension. The following parameters were studied in continuous mode operation: the flow rate in the reactor,
the initial concentration of the paraquat, the pH of the solution, the weight of
photocatalytic material with the number of foams in the reactor and the
weight of the catalyst deposited onto the support. The results showed that by
working under optimal operating conditions at natural pH (pH = 6.7), low
paraquat (Co = 10 ppm), and flow (26 mL/min), we recorded approximately
(43.16 ± 1.00)% oxidation of paraquat and a decrease in total organic carbon
(TOC) of (27.13 ± 1.00)% after about 70 minutes. The apparent rate constant
is in the order of (0.0656 ± 0.0010) min−1. In addition, by increasing the
amount of β-SiC foams coated with TiO2, we improve the degradation of paraquat in the same order. The study of aging of the material showed its stability over time. However, photocatalytic activity was limited after 20 minutes of
UV irradiation due to the limitation of the diffusion of the paraquat molecules towards the surface of the photocatalyst. As an outcome, we obtained an
efficient TiO2/β-SiC material for photocatalytic degradation of organic com-
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pounds in water.
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1. Introduction
Paraquat (PQ) is an herbicide belonging to the family of bipyridines, previously
marketed as dichloride and widely used in agriculture especially in developing
countries. It is used for the control of aquatic weeds, weeds in cereals (corn,
wheat, barley, rye, rice …), soybean, potato, fruits (apple, orange, banana …),
plants for the manufacture of beverages (coffee, tea, cocoa) and treated crops
(cotton, palm oil, sugar cane and rubber) [1]. Although it has enormous benefits
for farmers, its use can be a source of pollution for surface water due to its high
adsorption capacity in soils [2]. This situation represents a real hazard for our
environment and especially for the human health. The absorption of paraquat is
dangerous because of its acute and chronic toxicity, by ingestion even at low
doses (10 ml or 2 coffee spoons). Research has shown a link between paraquat
and Parkinson’s disease [3].
It is well known that many pesticides are recalcitrant organic compounds [4]
[5]. This has prompted the scientific community to effectively develop elimination technologies, which are known as Advanced Oxidation Processes (AOPs)
[6]. These processes are based on the production of hydroxyl (OH˚) radicals
which are strong oxidizing agents for mineralizing organic pollutants. Among
the various AOPs, attention has been paid to semi-conductor photocatalysts (e.g.
TiO2) [7] since twenty years because of their ability to mineralize a wide range of
recalcitrant organic compounds at room temperature and atmospheric pressure
into harmless substances [8].
Previous studies have been carried out using suspended photocatalysts semiconductors (suspension of TiO2 nanopowder) [9]. However, post-treatment recovery of TiO2 is an arduous process due to the size of the catalyst particles in the
order of the nanometer and the cost involved [10]. Therefore, filtration and resuspension of photocatalyst powder should be avoided if possible, in a wastewater treatment process.
Over the past two decades, the idea of immobilizing a photocatalyst on an
adequate and chemically inert support has begun to emerge because it may help
to avoid the process of separating expensive phases [11]. Many studies have been
published on the photocatalyst particle deposition onto different supports that
are easily removable. Several researchers have immobilized the photocatalysts on
a variety of surfaces, such as glass, silica gel, metal, ceramics, polymers, fibers,
zeolite, clay alumina, coal cellulose, foams [12] [13] [14]. However, the surface of
the photocatalyst is active only when illuminated by solar or artificial light with
DOI: 10.4236/ajac.2019.105015
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an appropriate wavelength. Thus, supported photocatalytic systems often suffer
from mass transfer limitation due to the reduction in surface area relative to
suspended photocatalysts [15]. However, the immobilization of the catalysts on
substrates remains at the moment a promising alternative for the use of heterogeneous photocatalysis in the field of the industrial water treatment.
In this work, β-SiC foams were used as a photocatalytic support due to their
high chemical resistance, outstanding thermal stability and their macroporosity
providing a high internal surface enabling the immobilization of large amounts
of photocatalysts [16] [17]. The objective of this work is to immobilize TiO2 P25
nanoparticles onto β-SiC alveolar foams for the treatment of industrial effluents.
The obtained TiO2 films were characterized by scanning electron microscopy.
Thus, we have chosen to study and optimize the treatment of water containing a
pesticide by heterogeneous photocatalysis under artificial UV-A lamps irradiation (368 nm). We built a simple photoreactor to remove the paraquat from the
water in continuous mode.

2. Materials and Methods
2.1. Reactants
Paraquat (C12H14Cl2N2, methyl-violen or 1,1’-dimethyl-4,4’-bipyridinium according to IUPAC, from Sigma-Aldrich), TiO2 P25 (average size 20 nm, purity
97%, surface area 50 m2∙g−1 and 80% anatase, 20% rutile, Evonik industries) were
used as received. Ethanol anhydride 99.8% and titanium tetra isopropoxide
(TTIP, C12H28O4Ti, 97%) were purchased from respectively Fluka and Sigma-Aldrich. Distilled water was used to prepare all the solutions.

2.2. Preparation of TiO2 P25 Suspension
TiO2 suspension was prepared by adding 10 g of Titanium dioxide P25 in 200 mL
of ethanol used as solvent. The resulting concentration of TiO2 was 50 g/L. Then, 4
mL of TTIP was added in the suspension and used as binder to join the TiO2 nanoparticles together. TiO2 slurry is stirred for 24 h with a magnetic stirrer.

2.3. Deposition of TiO2 P25 onto β-SiC Foams by Dip-Coating
The β-SiC alveolar foams were synthesized and supplied by SICAT Company
(Willstätt, Germany) [18]. The β-SiC foams were presented in form of parallelepipedic substrates with a dimension of 9.5 cm (length) × 6 cm (width) × 1 cm
(thickness), each having a weight of 20 g.
Each piece of β-SiC foam was completely immersed in the TiO2 suspension for
three min at 5 rpm in order to immobilize the TiO2 photocatalysts on β-SiC.
This action was repeated five times. Then the TiO2/β-SiC foams were dried at
room temperature for 20 min. The TiO2/β-SiC foams were placed in an oven at
110˚C overnight to evaporate the residual solvent. Subsequently, TiO2/β-SiC
foams were brought to the furnace at 450˚C during 2 h at a rise rate of
5˚C∙min−1. The material was calcined to remove all traces of organic matter and
DOI: 10.4236/ajac.2019.105015
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to increase the TiO2 grip on the foam. The average wt % of TiO2 per foam was
7.5%. Figure 1 shows the material photocatalytic β-SiC before and after coating.

2.4. SEM Analysis
Scanning Electron Microscopy (SEM) images of TiO2 P25 films onto the β-SiC
foams were recorded using a JEOL scanning electron microscope (JSM-6390) at
an accelerating voltage of 25 kV.

2.5. Photocatalytic Experiments
Photocatalytic treatments were carried out in a continuous flow-through photoreactor made of polypropylene material with a dimension of 20 cm (length) ×
7.5 cm (width) × 2.5 cm (depth). One or two TiO2/β-SiC foams were placed inside the photoreactor to perform the photocatalytic tests. The photoreactor was
covered with a quartz plate to filter the UV radiation. Two UV-A lamps (Philips
18 W, China) were placed horizontally 2 cm above the reactor to illuminate the
TiO2/β-SiC photocatalysts. Irradiation wavelength was around 368 ± 20 nm with
an irradiance of about 60 W∙m−2 using a UV-A radiometer (spectral range: 315 400 nm; HD 9021; Delta OHM; Italy). Figure 2 shows the photocatalytic experimental device. Paraquat’s solution was obtained with distilled water. The
treated effluent left the reactor through overflow mode. The effluent containing
the pollutant (paraquat herbicide) was stored in a 1 litre tank immersed in an ice
bath (about 0˚C) to avoid evaporation of the solution in the reactor. The effluent
circulated through the photocatalytic system in a single pass using a peristaltic
pump. The inlet and outlet flow rates were quite the same and ranged between
26 and 87 mL∙min−1 with a retention time varying from 4 to 12 min about. The
feed solution contained 10 to 30 ppm of paraquat herbicide.
Preliminary tests were carried out to compare the direct UV-A photolysis (direct irradiation of the solution without TiO2/β-SiC), the paraquat adsorption on

Figure 1. β-SiC foam uncoated (a) and coated (b).
DOI: 10.4236/ajac.2019.105015
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Figure 2. Schematic view of the photocatalytic device: A (2 UV-A lamps); B (photoreactor); C (paraquat’s aqueous solution); D (ice bath).

TiO2/β-SiC (without UV-A) and the heterogeneous photocatalysis (UV-A and
TiO2/β-SiC) processes. The experimental conditions are: flow (26 mL∙min−1); Co
= 10 ppm; V (PQ) = 1 L, pH = 6.7 and two TiO2/β-SiC. Photocatalytic device
was conducted at room temperature of the laboratory at about 20˚C.

2.6. Analytical Method for Paraquat Determination
Paraquat was chosen as a target pollutant [8] to evaluate the photocatalytic performances of the photocatalytic materials. During the irradiation procedure, 2
mL of the solutions were sampled at regular time intervals. The remaining concentration of paraquat was followed by a LIBRA S12 UV-Vis spectrophotometer
at 257 nm (maximum absorption wavelength). The pH of the aqueous solutions
of the paraquat was adjusted by HCl (0.1 M) and NaOH (0.1 M) aqueous solutions. pH values were determined by a pH-meter (labChem-CP) equipped with
junction pH electrode (Model IJ44C). The evolution of TOC during the degradation kinetics of paraquat was followed by a SHIMADZU TOC-L (Total Organic Carbon Analyzer, Japan). Considering that the degradation follows a
pseudo first order kinetics, the apparent kinetic constant kapp was calculated according to the following equations:

dc
r=
− =
kapp C
dt

(1)

c
ln 
 c0

(2)


−kapp ⋅ t
=


With

r: reaction rate;
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C: residual concentration of the pollutant;
Co: initial concentration of the pollutant;
kapp: apparent kinetic constant and
t: UV irradiation time.

2.7. Study of the Aging of the Photocatalytic Material
Five subsequent experiments were carried out using the same sample of TiO2/

β-SiC photocatalysts. Between each experiment, the TiO2/β-SiC foams were
treated at 450˚C for 2 hours to remove all traces of organic matter. The evaporation temperature of paraquat is about 300˚C. The operating conditions of the
continuous aging study were as follows: pump flow rate (26 mL∙min−1), volume
of paraquat to be treated (2 L), concentration of paraquat (10 ppm), two
TiO2/SiC materials, duration of the experiment (70 min).

3. Results and Discussion
3.1. SEM Analysis of the TiO2 P25 Film on β-SiC Foams
Figure 3 shows the morphologies of the TiO2 P25 film surfaces with and without
TTIP. The analyses showed the presence of micro and macro cracks at the surface of the film prepared without the addition of the TTIP in the suspension
(Figure 3(a)). These results were observed by some authors [19]. The size of the
cracks varied from 3 to 7 μm. These cracks were due to the drying of the material
after the dip-coating and during the heat treatment at 450˚C. However, no
cracks are observed on the film surface when we added TTIP in the suspension
(Figure 3(b)). This homogeneity of the film was due to the presence of the TTIP
that plays the role of binder. This organic polymer made it possible to solder the
molecules of the TiO2 P25 nanoparticles, thus avoiding cracks during temperature drying and calcination in the furnace.

3.2. Preliminary Study
Photocatalytic study was carried out to compare the removal efficiency of paraquat by direct photolysis, adsorption and photocatalysis processes. Figure 4

Figure 3. SEM pictures of the surface of TiO2 P25 films coating β-SiC alveolar foams (a)
without addition of TTIP and (b) with addition of TTIP.
DOI: 10.4236/ajac.2019.105015
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shows that the direct photolysis process remains ineffective, only 1.50% of paraquat and 0.17% of TOC was eliminated after 70 min of irradiation. On the other
hand, adsorption and photocatalytic processes remain effective with paraquat
abatement rates of 36.65% and 42.68% respectively (Figure 4(a)) and 22.34%
and 27.45% of TOC eliminated (Figure 4(b)). A competition between the two
processes occured. However, the photocatalytic process remained as effective as
adsorption process [20]. The difference between the two processes can be explained by the fact that during the photocatalytic process, OH˚ radicals were released to destroy some Paraquat molecules adsorbed on the surface of TiO2 P25.
Beyond 20 min of irradiation, we observed a limit of the diffusion of the paraquat molecules to the surface of photocatalyst. This was due to the plug flow
reactor used during these experiments. Kouamé et al. [21] showed that the foam
played the role of mixer. Due to the size of the foams, some molecules of the paraquat remain at the bottom of the unlit reactor.

3.3. Optimization of Operating Parameters
on Photocatalytic Degradation
3.3.1. Influence of TTIP
The addition of TTIP in the TiO2 P25 suspension has interesting advantages. It
was important to know whether the TTIP had an influence on the kinetics of
paraquat degradation. Figure 5(a) shows that the two TiO2/β-SiC materials
made with or without TTIP had the same photocatalytic activities. Their apparent reaction rate constants were respectively 0.0632 min−1 and 0.0446 min−1 with
and without TTIP. The results were similar for the elimination of TOC. 26.9%
and 24.44% were respectively registered with and without TTIP (Figure 5(b)).
The presence of TTIP has a little influence on the paraquat degradation kinetics
on a single test. The TTIP has no influence on the kinetics of degradation of paraquat. Thus, TiO2/β-SiC material containing TTIP was selected for the next step
of the experiments because the homogeneous films obtained could mechanically
stabilize the material during the photocatalytic experiments.
3.3.2. Influence of the Flow in the Reactor
The flow rate of the Paraquat aqueous solution was evaluated from 26 to 87
mL∙min−1 in the reactor. Figure 6 shows the photocatalytic degradation of the

Figure 4. Preliminary tests: UV-A direct photolysis, adsorption and photocatalysis.
DOI: 10.4236/ajac.2019.105015
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Figure 5. Influence of TTIP.

Figure 6. Influence of flow rate in the reactor.

Paraquat with variation of the flow rate. The results showed that the flow rate
had an influence on the degradation kinetics. The Paraquat and TOC abatement
rates decreased respectively from 42.68% to 16.74% (Figure 6(a)) and from
27.45% to 6.93% (Figure 6(b)) when the flow rate increased (Figure 6(a)). The
reason resulted in shorter residence time that reduced the degradation rates of
paraquat. Indeed, the shorter residence time negatively affected the adsorption
process on TiO2 surface and photocatalytic degradation of paraquat was also affected. Yu et al. observed a similar effect. These authors reported that the photocatalytic degradation of formaldehyde using TiO2 catalyst was affected by the
flow rate, when it was increased from 0.0001 to 0.1 ms−1 [22]. The apparent kinetics constant decreased from 0.0632 to 0.0273 min−1 when the flow rate of the
solution increased. Indeed, at the beginning of the process, we observed a degradation of the paraquat molecules. Beyond 10 min, the diffusion of paraquat
molecules on the surface of TiO2 P25 supported on the foams is limited. Supported TiO2 photocatalysts suffer from mass transfer limitation. For the next
step of the experiments, the flow rate was set at 26 mL∙min−1.
3.3.3. Influence of the Initial Concentration of Paraquat
The influence of the pollutant concentration on photocatalytic degradation and
DOI: 10.4236/ajac.2019.105015
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TOC removal are respectively shown in Figure 7(a) and Figure 7(b). Three
concentrations were chosen: 10 ppm, 20 ppm and 30 ppm. The paraquat degradation rate decreased from 42% to 33.57% when the concentration increased.
The same trend was also recorded for TOC removal (ranging from 27.45% to
18.08% when the concentration of paraquat increased). These results were consistent with those recorded by some authors [23]. The results showed that kapp
decreased slowly from 0.0632 min−1 to 0.0495 min−1 when the initial concentration of paraquat increased. Beyond 10 min, the variation of the apparent kinetics
constant Δkapp remains zero. Due to the limited diffusion of paraquat molecules
towards the TiO2 P25 surface, the reaction intermediates disturbed paraquat degradation. When the concentration of the paraquat increased, there was a significant production of intermediate products. For the next experiments, the initial
paraquat concentration was set at 10 ppm.
3.3.4. Influence of pH
Figure 8 shows the effects of pH on the photocatalytic degradation of paraquat.

Figure 7. Influence of paraquat initial concentration.

Figure 8. Influence of pH: evolution of apparent kinetic constant.
DOI: 10.4236/ajac.2019.105015

179

American Journal of Analytical Chemistry

I. C. M’Bra et al.

The natural pH was 6.7 and pH values ranging between 5 and 10 were tested. To
study the influence of pH on the pollutant oxidation, it was necessary to know
the isoelectric point (ZPC) of the photocatalyst. For TiO2 P25, the pHzpc value is
6.25 [13]. The maximum rate of paraquat degradation was obtained at a neutral
pH value close to pHzpc. In this condition, the apparent average kinetic constant
was 0.0510 min−1. The pH effect on Paraquat photocatalysis can be attributed to
the surface properties of the photocatalyst TiO2 P25. For pH values below pHZPC,
the surface of the photocatalyst was positively charged and an electrostatic repulsion towards the cationic compounds predominates. When the pH was higher than pHZPC, the photocatalyst surface charges negatively and electrostatic repulsion towards the anionic compounds dominates. Similarly, depending on the
pKa = 9 - 9.5 value [24] [25], the cationic form of Paraquat is dominant for pH
values below pKa. The paraquat was stable in acidic and neutral media and was
hydrolyzed in a basic medium (Equation (3)).

C12 H14 N 2 Cl2  C12 H14 N 22 + + 2Cl−

(3)

Thus, the phenomena of repulsion between the positive surface of TiO2 P25
and the positively charged Paraquat molecules could explain the decrease in
photocatalytic activity at pH values below 6.7. Atheba et al. observed the same
phenomenon while studying the pH effect on the photodegradation of butylparaben by using supported TiO2 photocatalyst [20].
This is an important result for industrial applications because it will be no
need to adjust pH during treatment. For the subsequent experiments, a pH value
around 6.7 was selected.
3.3.5. Influence of Number of β-SiC Foams Coated with TiO2 P25
The photoreactor used for photodegradation of the paraquat could contain up to
two β-SiC foams. It was important to know the influence of the number of foams
and consequently the mass of catalyst, on the paraquat degradation kinetics. The
amount of TiO2 P25 were 1.97 g and 3.29 g on average respectively for one foam
and two foams. Figure 9 shows that the amount of photocatalytic materials in the
reactor had an important influence on paraquat degradation. The percentages

Figure 9. Influence of the number of foams.
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of paraquat degradation were respectively 21.63% and 42.68% (Figure 9(a)) respectively for one foam and two foams coated with TiO2 P25. When the amount
of photocatalytic materials increases, the TiO2 P25 nanoparticles occupied a
much larger reaction area. However, the level of TOC removed during the reaction increased slowly (from 20.01% to 27.45%) (Figure 9(b)).
3.3.6. Influence of the Photocatalyst’s Weight onto the β-SiC Foam
In this section, we studied the variation of TiO2 P25 weight onto one foam and
two β-SiC foams to evaluate the photocatalytic degradation of the paraquat.
Figure 10 shows the kinetic degradation rate of the paraquat for each sample.
The obtained results were 15.74%, 16.75% and 21.63% respectively for 0.6 g; 1 g
and 1.97 g of TiO2 P25 onto one foam. On the other hand, the photocatalytic activity of TiO2 P25 distributed over two foams: 0.6 g + 1 g TiO2 (19.51%) is practically the same when we have 1.97 g of TiO2 P25 onto one foam (21.63%).
However, with 3.29 g of TiO2 P25, we had 42.68% degradation of paraquat. The
number of foams has an influence on the photocatalytic degradation of the paraquat, it is recommended to coat an enough TiO2 P25 on a foam (on average 2 g
of TiO2 P25).

3.4. Study of the Aging of the TiO2/β-SiC Material
The paraquat kinetics of disappearance after reuse of the TiO2/β-SiC catalytic
material is studied. The results showed that the photocatalytic activity of
TiO2/β-SiC remained constant after five cycles of reuse of photocatalyst [26].
Their photocatalytic properties remained unchanged. This shows that the remaining degradation by-products at the material surface are eliminated after the
heat treatment between two tests.
Table 1 shows the percentages of paraquat removal (43.16 ± 1.00)%, TOC

Figure 10. Influence of TiO2 P25 weight onto one foam and two foams in presence of TTIP.
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Table 1. Percentages of paraquat removal, TOC removal and the apparent rate constant
of the photoctalytic reaction during the five reuse tests using TiO2/β-SiC.
Number of tests

Degradation %

Removal TOC %

k app (min−1)/R2

t 1/2 (min)

1st

42.68

27.45

0.0639/0.94

11

2nd

42.07

27.19

0.0636/0.92

11

3

rd

43.06

26.46

0.0634/0.93

11

4th

44.33

27.45

0.0696/0.95

10

5

43.66

26.93

0.0674/0.96

11

th

removal (27.13 ± 1.00)% and the apparent rate constant (0.0656 ± 0.0010) min−1
during the five reuse tests. These results are very encouraging because the study
of the aging of the photocatalytic material remains a necessity in the step of application of the heterogeneous photocatalysis on a large-scale application.

4. Conclusion
The titanium dioxide nanoparticles were immobilized on β-SiC foam by
dip-coating method. The addition of TTIP in the TiO2 P25 suspension made it
possible to weld the nanoparticles together and to be well-fixed on the support.
The studied parameters allowed us to have a photocatalytic activity on the degradation of the paraquat. The results obtained are encouraging while working
in continuous mode operation. This revealed the photocatalytic efficiency of
TiO2/β-SiC photocatalyst. It can be easily reused after several cycles of treatment.
The filtration step could be avoided using TiO2/β-SiC supported photocatalyst.
However, the photocatalytic activity is limited by the low diffusion of the pollutant towards the surface of the photocatalyst after 20 minutes of UV irradiation.
In addition, the foams can have any shape to be adapted to the industrial scale
applications.
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