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Abstract: Food coloring has become one of the main sources of water pollution. Brilliant blue (BB)
is one of the dyes used in the food industry. Heterogeneous photocatalysis is increasingly used to
decontaminate polluted water from food industries. The objective of this paper was to treat this
pollution using a photoreactor at the laboratory (batch) and pilot scales. The photodegradation of
the brilliant blue dye, chosen as a model of pollutant, was performed at room temperature in an
aqueous solution of titanium dioxide supported on cellulosic paper in the presence of an external UV
lamp. The surface morphology of this photoactive tissue was characterized by SEM and FTIR. The
performances of two geometric configurations were examined (batch reactor and annular recircula-
tion reactor) in accordance with degradation and pollutant mineralization. The performance of the
photocatalytic system was optimized by a parametric study to improve the impact of the different
parameters on the efficiency of the degradation process, namely the initial concentration of the pollu-
tant, the TiO2 cycle, the pH of the solution with the recirculating reactor, and the flow rate. The results
showed 98% degradation of brilliant blue at the laboratory scale and 93.3% and 75% at the pilot flow
rates of 800 and 200 L·h−1, respectively. The supported semiconductor showed good photodegra-
dation ability during BB decomposition, showing that photocatalysis is a promising technique for
water purification.

Keywords: photocatalysis; food processing discharge; batch reactor; circulating reactor

1. Introduction

The agri-food industry has become a world-leading sector, producing large quantities
of highly colored effluents. It is known that the existence of industrial pollutants is an
important source of risk in industrial facilities’ discharges, especially agri-food discharges,
which pose serious problems to humans and the environment [1,2]. Most of these con-
taminants are undegradable and persistent [3]. They are difficult to remove by traditional
coagulation, filtration, or adsorption methods [4–6]. These techniques are non-destructive
and are based on a very simple transition of the pollution from one phase to another. Other
water purification processes that are also available, such as biological processes, have been
implemented. Although biological oxidation and adsorption are less expensive than other
approaches, they are inefficient for the degradation of this type of pollutant; therefore,
additional removal processes are required.

Therefore, it is important to look for innovative treatment solutions to tackle this
problem. New technologies can be included; for instance, various wastewater treatment
technologies are already used to completely destroy the remaining persistent pollutants.

For this purpose, heterogeneous photocatalysis has been identified as a valuable
method [7,8] because of its ability to completely remove (mineralize) a wide variety of
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organic contaminants with no generation of dangerous intermediate products. Moreover, it
has shown the ability to degrade a large variety of organic pollutants. Indeed, it has already
been reported by researchers that TiO2 is a catalyst that gives a high activity due to its large
surface area [9,10].

Nevertheless, the semiconductor cannot be easily separated from the treated solution,
so a recycling operation is required, which is expensive and difficult to implement on a large
scale [11]. Therefore, our goal in this paper was to optimize the efficiency of the catalyst
and to not vary its concentration. To examine the stability of TiO2 for each concentration
of the dye, three reusability tests were performed that showed the stability of the catalyst
due to the reproducibility of the results [12]. Consequently, cellulose fibers coated with a
mixture of catalyst (TiO2 Millennium PC 500), zeolite, and silica were considered in this
study. Table 1 summarizes the different processes used for the photocatalytic treatment
of wastewater from the food industry. To the best of our knowledge, there are no detailed
studies on the degradation of brilliant blue in recirculating batch and ring reactors using
the semiconductor TiO2 Millennium PC 500, which was the focus of this study.

Table 1. Different processes used for the degradation of wastewater from an agri-food activity.

Process The Pollutant References

DBD Plasma Process Tartrazine [13]

Electro Fenton Tartrazine [14]

Fenton and photo-Fenton Acid blue 9 [15]

UV/Nano-TiO2 Fenton-Like
Electro-Fenton and electrocoagulation process Acid blue 9 [16]

Electro-Fenton Tartrazine [17]

Adsorption Acid blue 9 [18]

Adsorption Acid blue 9 [19]

Photodegradation using TiO2 based Catalysts Acid blue 9 [20]

Adsorption Acid blue 9 [21]

Aerobic biodegradation Acid blue 9 [22]

2. Materials and Methods
2.1. Chemicals

All the chemical reagents used were purchased from Sigma Aldrich, namely FCF
Brilliant Blue E133 (Table 2) under the reference code 229730050 and CAS number 3844-45-9,
NaCl 99%, Na2HPO4 99%, (HCl 37%), (NaOH, 98%). Stock samples were prepared from
high purity water produced by a Millipore Milli-Q system.

2.2. Catalyst and Reactor
2.2.1. Catalyst

The photocatalytic medium supplied by Ahlstrom Company, under the reference
Alhström_1048, was a nonwoven textile composed of cellulose fibers coated with a mixture
of catalyst (TiO2 Millennium PC 500), zeolite, and silica. Their mass per square meter were
16.5, 3.4, and 13.3 g m−2, respectively. The thickness of the catalyst layer was equal to
250 µm. The median diameter of the pellets deposited on the medium was 1.4 µm.

2.2.2. Batch Reactor

1 L solution of brilliant blue was placed in a reactor (Figure 1A,B) with an UV lamp
and a TiO2 pc 500 photocatalyst supported on a cellulose paper surrounded inside the
tank. The solution was covered with aluminum foil to shield it from ultraviolet rays and to
improve the light intensity of the tank.
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Table 2. Structure and characteristics for the photocatalytic of brilliant blue.
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Figure 1. Photocatalytic montages used during this study.

2.3. Pilot Reactor

The annular recirculation photoreactor (Figure 1C) was composed of two concentric
Pyrex tubes, using an 80 W UV light source. The luminous tube was positioned inside the
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cylinder. The large tube was 80 cm long and was coated with a photocatalytic medium.
The surface area of the catalyst was 0.19 m2. The bright blue pollutant passed across the
interannular space corresponding with the area shaded in (Figure 1C). In this study, the
volume of the bright blue solution was fixed at 4 L, but the concentration of the pollutant
was varied. The treatment of water was periodically sampled and analyzed. It is also
important to state that the solution was kept in the dark for 20 min to attain adsorption
equilibrium before photo-illumination.

Characterization

The morphological analysis of the TiO2 tissue of cellulosic paper was carried out by
scanning electron microscopy (SEM) JEOL JFC-2300HR JEOL JSM-IT 100 with an accelera-
tion voltage of 20 kV.

The absorbance measurements were carried out using a Shimadzu UV-1800 diode
array spectrophotometer. Regarding vibrational analyses, they were carried out by Fourier
transform infrared spectroscopy (FT/IR-4600).

2.4. Procedure

Conventional photocatalysis experiments were performed using a semiconductor
(TiO2) supported on cellulose paper in a conventional photoreactor with a central 30 W
UVA lamp (Phillips PL-L24W/10/4P) with an emission peak at 365 nm; it was placed
in a transparent, quartz, crystal tube and immersed in the photoreactor (Figure 1A). A
borosilicate glass beaker with a discontinuous scale was used as the reactor for the lab-
oratory experiments. The reactor was filled with 1 L of aqueous solution and different
initial concentrations of pollutants at room temperature. A magnetic stirrer was used to
circulate and homogenize the medium. To examine the stability of the semiconductor, three
cycles were carried out. Each time that the semiconductor was to be reused, it was washed
with distilled water and left to dry, so that it could be ensured that the pores were free
from the dyes and that, as shown in the degradation results, the catalyst had not lost its
photocatalytic properties.

The surface area of the semiconductor used in the pilot scale was three times larger
than that used in the laboratory scale. The experiments were performed in a recirculating
ring reactor consisting of two concentric Pyrex tubes (Figure 1C), operated in continuous
mode, and fed with 4 L of contaminated solution at a flow rate of 200 m3/h to 800 m3/h.

TiO2 regeneration was performed in ultrapure water under UVA and by shaking
after each photocatalytic experiment. The photocatalyst was inserted into the reactor and
UV irradiation was delivered by a light source. The solution was kept in the dark before
light irradiation to reach an adsorption-desorption equilibrium between the pollutant and
the photocatalyst. Aqueous pollutant concentrations were measured at the optimum dye
absorption at 630 nm wavelength by a Shimadzu UV-1800 UV-vis spectrophotometer using
a quartz cell. The degradation efficiency (%) was predicted using Equation (1):

%Degradation =

(
C0 −CT

C0

)
× 100 (1)

C0: Initial concentration of BB.
CT: Concentration at time t, respectively.
The total organic carbon (TOC) was measured using a TOC analyzer (Shimadzu

TOC-VCSH) and the yield rate was calculated according to Equation (2).

%Mineralization =
TOC0 − TOCT

TOC0
× 100 (2)

TOC0: Initial total organic carbon.
TOCT: Total organic carbon at time t.
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3. Results and Discussion

The impact of several different parameters on the elimination of the bright blue
pollutant FCF E133 was tested, specifically pH, initial concentration of the pollutant, and
the effect of the addition of inorganic salts. The performances of the geometric configuration
of the reactors (laboratory and pilot scale) were also tested and compared, as well as the
reuse of the cellulosic paper. The process of degradation was followed by identifying both
the decolorization of the pollutant (degradation) and the level of mineralization through
spectrophotometry and the total organic carbon determination of the samples taken.

According to the results obtained, there was a degradation rate of 95.7% at a concen-
tration of 10 ppm. Concerning possible photolysis, the observed stability showed that
UV alone was not sufficient to degrade the target molecule (Figure 2B) and hence, TiO2
was necessary. Indeed, it has been shown that the photocatalytic degradation of organic
matter in the solution is triggered by the photoexcitation of the semiconductor, with the
subsequent creation of an even electron-hole on the catalyst surface (Equation (3)). The high
oxidizing potential of the hole (h+ VB) in the catalyst allows for the immediate oxidation
of organic matter (dye) to reactive intermediates (Equation (4)). Similarly, highly reactive
hydroxyl radicals are formed either by the decomposition of water (Equation (5)) or by
the reaction of the hole with OH- (Equation (6)). The hydroxyl radical is a highly selective
and non-selective oxidant (E0 = +3.06 V) that leads to the partial or total mineralization of
several organic products.

TiO2 + hv→ TiO2
(
e−CB + h+VB

)
(3)

h+VB + dye→ dye
◦+ → oxidation o f the dye (4)

h+VB + H2O→ H+ + ◦OH (5)

h+VB + OH− → ◦OH (6)

This radical, in the presence of organic traps, can form organic peroxides (Equation (7))
or hydrogen peroxide (Equation (8))

e−CB + O2 → ◦O−2 (7)

◦O−2 + HO
◦
2 + H+ → H2O2 + O2 (8)

Conduction electrons are also responsible for producing hydroxyl radicals, which
have been designated as the primary cause of mineralization of organic matter
(Equation (9)) [23,24].

◦OH + dye→ dye degradation (9)

3.1. Laboratory Scale
3.1.1. Effect of the Pollutant Concentration

Figure 3A illustrates bright blue degradation efficiency using a batch photocatalytic
reactor. The experiments were performed with a variance from 5 to 20 mg.L−1 of pollutant.
It was found that by increasing the concentration, the removal efficiencies of the pollutant
decreased. This can be attributed to the influence of the pollutant input concentration
on degradation kinetics, which must be related to the provision of the semiconductor-
active sites. Many authors have reported similar results [25,26]. Figure 3B records the
concentration impact on mineralization efficiency. As monitored, the 4-fold increase in
concentration led to a 27% reduction in total organic carbon. This can be ascribed to the
accessibility of free active sites on the catalyst surface (◦OH, h+, etc.). Indeed, at high
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concentrations, the solution is rendered impermeable to UV irradiation, which leads to a
poor production of radical hydroxyls and to a diminution of active sites [27].
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3.1.2. Study of the Catalyst Cycle

The rate of initial degradation of a wide variety of organic materials depends on the
concentration of the semiconductor, but our objective in this paper was to optimize the
efficiency of the catalyst and to not vary its concentration. To examine the stability of
TiO2 for each dye concentration, three tests were carried out that showed the stability of
the catalyst owing to the reproducibility of the results (low error bars) (Figure 3B). This
explains why the treated photocatalyst did not lose its photocatalytic properties during the
photocatalytic process.

3.1.3. FT-IR Analysis

The FTIR spectra of TiO2 before and after treatment and brilliant blue are shown in
(Figure 4). The wide bands observed at ~3310 cm−1 represent the v(O-H) group spectrum
bands [28]. The bands observed around 2905 cm−1 can be attributed to ν(C-H) vibrations
indicating the presence of methylene (-CH2) and methyl (-CH3) groups.

Sustainability 2023, 14, x 5 of 9 
 

The rate of initial degradation of a wide variety of organic materials depends on the 
concentration of the semiconductor, but our objective in this paper was to optimize the 
efficiency of the catalyst and to not vary its concentration. To examine the stability of 
TiO2 for each dye concentration, three tests were carried out that showed the stability of 
the catalyst owing to the reproducibility of the results (low error bars) (Figure 3B). This 
explains why the treated photocatalyst did not lose its photocatalytic properties during 
the photocatalytic process. 

3.1.3. FT-IR Analysis  
The FTIR spectra of TiO2 before and after treatment and brilliant blue are shown in 

(Figure 4). The wide bands observed at ~3310 cm−1 represent the v(O-H) group spectrum 
bands [28]. The bands observed around 2905 cm−1 can be attributed to ν(C-H)  vibrations 
indicating the presence of methylene (-CH2) and methyl (-CH3) groups.  

The carbonyl stretches v (C=O) that have been found at 1740 cm−1 characterize the 
ester and aldehyde groups [29]. Regarding the carboxyl stretches (COO-) related to sec-
ondary and primary alcohols, as well as aliphatic and etheric groups, they were found at 
1655 cm−1. The spectral range comprised between 1220 and 1370 cm−1 corresponding with 
the stretching vibrations of esters (C-O), and the low-intensity bands located between 550 
and 900 cm−1 corresponded with Ti-O-Ti vibrations. In addition, it can be noted that in the 
TiO2 spectrum after treatment, there was a peak that appeared at 1345 cm−1. According to 
[18,30], the peak in this area corresponded with a sulfonated group in the dye ring; this 
new peak confirmed the attachment of dye sulfonate groups to TiO2 and hence, the ad-
sorption of the pollutant on the semiconductor.  

 
Figure 4. IR spectra of the semiconductor (a) virgin TiO2, (b) TiO2 after treatment. (c) Brilliant blue 
spectrum. 

  

Figure 4. IR spectra of the semiconductor (a) virgin TiO2, (b) TiO2 after treatment. (c) Brilliant
blue spectrum.

The carbonyl stretches v (C=O) that have been found at 1740 cm−1 characterize
the ester and aldehyde groups [29]. Regarding the carboxyl stretches (COO-) related to
secondary and primary alcohols, as well as aliphatic and etheric groups, they were found
at 1655 cm−1. The spectral range comprised between 1220 and 1370 cm−1 corresponding
with the stretching vibrations of esters (C-O), and the low-intensity bands located between
550 and 900 cm−1 corresponded with Ti-O-Ti vibrations. In addition, it can be noted that in
the TiO2 spectrum after treatment, there was a peak that appeared at 1345 cm−1. According
to [18,30], the peak in this area corresponded with a sulfonated group in the dye ring;
this new peak confirmed the attachment of dye sulfonate groups to TiO2 and hence, the
adsorption of the pollutant on the semiconductor.

3.1.4. SEM Analysis

Scanning Electron Microscope (SEM) observations were also carried out on the studied
semiconductor to evaluate the evolution of the morphology and size of the crystallites.
(Figure 5) gathers the images obtained on the TiO2 supported on a cellulosic paper before
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and after photocatalysis. In addition, this study was completed with titanium dioxide
supported on a cellulosic paper used in the degradation of food coloring (brilliant blue
E133) to see if the presence of this element in the matrix of titanium dioxide on a cellulose
paper changed the shape and size of the particles.
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SEM characterizations were carried out at different magnifications before and after pho-
todegradation of the pollutant. The semiconductor morphology is shown in (Figure 5A,B).
A highly porous network (porosity ≈ 82%), which can be related to TiO2 aggregates, was
observed in the surface of the cellulose fibers rather than in the pores formed between
the fibers.

However, for (Figure 5B), the pores’ size became tighter; this explains the availability
of the active sites of the semiconductor to the brilliant blue pollutant. The results agree
with those of the FT-IR.
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3.1.5. Effect of pH

It is necessary to identify the effect of pH on the mineralization and degradation
of the targeted pollutant in this process to improve the efficiency of this method. The
nature of the TiO2 catalyst means that any variation in pH could affect the surface charge
or isoelectric point of the photocatalyst [31,32]. (Figure 6A) shows that the pH of the
zero-point charge (pHpzc) of TiO2 supported on cellulose paper was 6.9. The effect of pH
on the photocatalytic elimination of brilliant blue E133 by TiO2 under UV irradiation is
shown in (Figure 6B), showing the impact of pH on removal efficiency. When the pH was
above 6.9, the TiO2 surface was negatively charged and positively charged below pHpzc.
The bright blue was reported to be negatively charged due to SO3

− groups, making their
electrostatic attachment to the TiO2 surface appropriate in neutral and acidic solutions
and not permitted in alkaline media due to the repulsion between the negatively charged
TiO2 surface and organic molecules [33]. As a result, the lowest discoloration was found in
alkaline media, while neutral media close to pHpzc appeared to be the most suitable for
pollutant degradation (Figure 6B).
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3.1.6. Effect of the Presence of Salts

In an industrial food processing unit, the properties of the generated wastewater
generally reflect the activities carried out. Particularly, the production process is associated
with variations that are moderate compared with the activities of cleaning and washing.
This is confirmed by the different trends in the different samples taken. The rinsing,
cleaning, and washing activities are generally characterized by a higher volume of effluent
and greater variations in parameters.

It is interesting to study the effects of NaCl and Na2HPO4 present in the discharges,
because agri-food wastewater is a mixture of organic and inorganic pollutants; therefore,
the bright blue dye could also significantly influence photocatalytic activity.

Degradation was examined at the optimal dye concentration and pH (Figure 7). In
the absence of NaCl, the degradation rate was 98% and 50% mineralization, while 37%
degradation and 13% mineralization rate were obtained for 80 ppm NaCl. Chloride
ions can have an inhibitory effect on the degradation kinetics of brilliant blue, which
can be explained by a competition of chloride ions with the pollutant to react with the
generated radicals.
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For the effect of Na2HPO4 addition on the degradation rate, removal efficiency de-
creased from 98% in the absence of salt to 38.8% for 20 mg of Na2HPO4, respectively. The
salt can penetrate the active sites of the TiO2 surface and thus reduce the rate of degradation
of the studied molecule. Moreover, the inhibitory effects of H2PO4

− can be explained by
the reaction of the hydroxyl radical (◦OH) and the positive holes (h+) with these anions
(Table 3) [33,34].

Table 3. Characteristics of wastewater from the food industry.

Parametre Unités
Valeurs

Minimum Moyenne Maximum

pH mg/L 5.4 11.7 12.7

Nitrate mg/L 16.4 17.0 44.0

Sulfure mg/L 0.0 0.1 0.2

Chlorure mg/L 22 78 126

Orthophosphate mg/L 17 34 70

The increase in salt concentration influences degradation and mineralization, having a
negative impact on the kinetics and causing the adsorption to become slow. This could be
due to the competitive adsorption that exists between the salt ions and target molecule.

3.2. Pilot-Scale

Effects of Inlet Concentration and Flow Rate
The influence of flow rate and pollutant inlet concentration must be clearly defined to

determine the performance of photocatalytic oxidation. (Figure 8) shows the efficiency of
the recirculating reactor in the degradation and mineralization of brilliant blue [35].

The experiments were carried out, ranging from 200 m3/h to 800 m3/h for two
different flow rates, and ranging from 10 to 20 mg/L at two concentrations. It can be
observed in (Figure 8A,B) that by increasing the flow rate, the efficiency of removal of
brilliant blue decreased. This may be due to the decrease of the contact time between
the dye and the active sites of TiO2. This leads to a small amount of the pollutant being
able to react with the active species attached to the catalyst surface. The photocatalytic
degradation of the model pollutant decreased remarkably when the input concentration
increased [28,36–39]. Indeed, the increase of the amount of dye concentration in the medium
limits the efficiency of degradation and mineralization as reported in the literature [40,41].

The equation of the first order kinetic model is of the form:

Ln
(

C0

Ct

)
= Kapp.t (10)

where:
C0: Initial concentration of the pollutant (mg/L).
Ct: Concentration of the pollutant at time t (mg/L).
(Figure 8C) shows the linear regression plot of time vs. ln (C/Co) using data presented

in (Figure 8A). The curves show that the degradation rate decreased by decreasing the BB
concentration [28,36–38,42,43]. Through linear regression, using the plot in (Figure 8C),
we found that the pseudo-first order well described the kinetic degradation of BB in the
presence of TiO2 supported on cellulose paper, which is confirmed by the coefficients of
correlation presented in Table 4.



Sustainability 2023, 15, 5788 12 of 15

Sustainability 2023, 14, x 9 of 9 
 

3.2. Pilot-Scale 
Effects of Inlet Concentration and Flow Rate 

The influence of flow rate and pollutant inlet concentration must be clearly defined 
to , the increase of the amount of dye concentration in the medium limits the efficiency of 
degradation and mineralization as reported in the literature [40,41]. 

 

 

 
Figure 8. (A) Variation of the bright blue concentration as a function of time (circulation reactor; pH 
= 6.8 at a flow rate of Q= 800 and 200 m3·h−1, [BB] = 10 and 20 ppm), (B) Photocatalytic mineraliza-
tion with  

ent. 

Figure 8. (A) Variation of the bright blue concentration as a function of time (circulation reactor;
pH = 6.8 at a flow rate of Q= 800 and 200 m3·h−1, [BB] = 10 and 20 ppm), (B) Photocatalytic
mineralization with the same conditions. (C) Linear plot of the first order kinetics model.

Table 4. Parameters of first-order kinetics.

Experimental Conditions kapp (mg L−1 min−1) R2

[BB] = 10 ppm, 800 m3/h 0.0293 0.9478

[BB] = 10 ppm, 200 m3/h 0.0061 0.9721

[BB] = 20 ppm, 800 m3/h 0.0189 0.9688

[BB] = 20 ppm, 200 m3/h 0.005 0.9912
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4. Conclusions

Environmental protection is a major problem for humanity. The treatment and reuse
of industrial water has become an urgent necessity. Brilliant blue is one of the most used
dyes in the food industry, and for this reason, we were interested in the photocatalytic
removal of this model pollutant.

In the present work, a parametric study was carried out using a laboratory reactor
and a pilot reactor to test the efficiency of photocatalytic degradation of brilliant blue. The
influence of pH and initial concentration of the pollutant, as well as the effect of salts,
on the efficiency of the removal was studied using the semi-conductor titanium dioxide
supported on a cellulose paper which was reused by washing with distilled water, and was
characterized by SEM and FTIR before and after proceeding with photodegradation.

Fourier transform infrared spectroscopy (FTIR) showed a new peak that appeared at
1345 cm−1 corresponding with a sulfonated group. This new peak confirms the attachment
of sulfonate groups of the dye to TiO2 and thus, the adsorption of the pollutant on the
semiconductor.

However, through use of the Scanning Electron Microscope (SEM) after treatment,
pore size tightened, which explains the availability of the active sites of the semiconductor
by the brilliant blue pollutant.

The following conclusions were drawn:

1. Degradation of the model pollutant was observed in the presence of UV light and the
photocatalyst, not in the presence of UV light alone;

2. Maximum degradation of the brilliant blue was observed under neutral conditions,
which was explained by catalyst-molecule attractions;

3. For low concentration of brilliant blue, high degradation and mineralization were
obtained, which was correlated with the high availability of reactive species;

4. Brilliant blue inlet concentration and flow rate were studied in a pilot-scale recir-
culation reactor, and it was shown that degradation and mineralization efficiencies
decreased at high concentrations due to the decrease in contact time between the
pollutant and the catalyst-active sites.
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