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INTRODUCTION 
 

In recent years, the presence of organic compounds that are difficult or impossible to 
biodegrade in wastewater has been a major problem, posing a threat to the environment and 
public health. Attention has been focused on the degradation/removal of these organic 
compounds from wastewater due to their toxicity, as well as their negative effects on the 
environment. 

The doctoral thesis entitled "Photo-oxidative degradation of organic compounds from 
wastewater" is structured in two parts, namely A. Literature review and B. Experimental study 
- original contributions. In the literature review, advanced oxidation processes were 
presented synthetically, with emphasis on the most commonly used processes, 
photocatalysis and Fenton processes, which were also addressed in the experimental part, 
so that their use made it possible to evaluate the photocatalytic activity of the functionalized 
materials synthesized as part of the experimental research carried out within this doctoral 
thesis.  

In the first chapter are presented the main advanced oxidation processes and their 
applications, as well as the limitations and factors that influence the optimal development of 
these processes, are presented. In the continuation of this chapter, the most common 
methods for obtaining functionalized materials are presented, the chapter ending with a 
series of partial conclusions.   

Chapter 2 presents the two classes of target organic compounds chosen in the 
studies of photocatalytic oxidation carried out in this doctoral thesis. This chapter is ending 
with the main partial conclusions drawn from the structure of the study. 

Chapter 3 highlights the main purpose of the PhD thesis and the specific objectives 
derived from it. Each specific objective is then covered in a separate chapter in the thesis. 

Chapter 4 represents the first specific objective, namely the synthesis and 
characterization of TiO2/stainless steel functionalized materials used in the study of 
photocatalytic oxidation of phenolic organic compounds from wastewater. The chapter is 
ending with a series of partial conclusions resulting from the experimental research carried 
out for the elaboration of this chapter. 

Chapter 5 is represented by the second specific objective, namely the obtaining and 
characterization of two functionalized materials type TiO2/Ti and Co-doped TiO2/polymer and 
their evaluation in the study of photocatalytic oxidation of phenolic organic compounds from 
wastewater. The chapter is ending with the partial conclusions resulting from the 
experimental study conducted. 

Chapter 6 is represented by the third specific objective, namely the synthesis and 
characterization of a series of TiO2/fiberglass functionalized materials and the evaluation of 
each functionalized material obtained in the studies of photocatalytic degradation of 
pharmaceutical organic compounds from wastewater. The chapter is ending with a series of 
partial conclusions drawn after the completion of the experimental study conducted in this 
chapter.  

Chapter 7 is represented by the fourth specific objective, namely the obtaining and 
characterization of TiO2/fiberglass type stratified network and Nb-doped TiO2/fiberglass type 
stratified network functionalized materials and the evaluation of these functionalized 
materials obtained in the study of the photocatalytic degradation of azithromycin from 
wastewater. In the ending, this chapter presents the partial conclusions drawn after the 
realization of the experimental study conducted for the elaboration of this chapter. 

Chapter 8 is represented by the fifth specific objective, namely the obtaining and 
characterization of new TiO2/fiberglass type mesh and Nb-doped TiO2/fiberglass type mesh 
functionalized materials Nb and FeCl3 doped TiO2/fiberglass type mesh and the evaluation of 
the photocatalytic activity of the new obtained materials in the study of the photocatalytic 
oxidation of azithromycin. The chapter is ending with the main conclusions drawn from the 
experimental study of this chapter. 

Chapter 9 is represented by the last specific objective, namely the obtaining and 
characterization of functionalized nanocomposite materials based on cellulose acetate 
combined with graphene oxide and PTFE coating with TiO2 covered. The obtained materials 
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were tested in the study of the photocatalytic oxidation of azithromycin. In the ending, this 
chapter presents the partial conclusions drawn after the performance of this experimental 
study. 

The last chapter, namely chapter 10, presents the general conclusions drawn after 
the elaboration of the doctoral thesis. 

The doctoral thesis is ending with the presentation of the original contributions and 
the exposition of the directions and perspectives for further development, the presentation of 
the list of published scientific papers and under publication papers, the list of international 
conferences and activities carried out during the doctoral studies, as well as the list of 
bibliographic references. 

The thesis contains 109 figures, 15 tables and 114 bibliographic references. 
The results of this doctoral thesis were exploited through three publications, of which 

1 scientific article in the Scientific Bulletin of National University of Science and Technology 
POLITEHNICA Bucharest and 2 scientific articles in ISI journals. Also, the research results 
were presented at 6 international conferences, three in the year 2023 and three in the year 
2022. 

 
 
Keywords: functionalized materials, photocatalytic degradation, organic compounds, 
photocatalysis, photocatalysts deposited on supported material 
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ORIGINAL CONTRIBUTIONS 

Chapter IV – TiO2/stainless steel functionalized materials for the degradation of 
phenolic organic compounds from wastewater 

IV.1 Specific objective 
The objective of this chapter was to study the influence of operating parameters for the 

photocatalytic degradation of 2,4-dicholorophenol (2,4-DCF) using a TiO2/stainless steel 
functionalized material. The specific objectives of this study focused on the following: 

- identify the optimal pH of the working solution for the photocatalytic degradation of 
2,4-DCF; 

- identify the optimal molar ration of H2O2/2,4-DCF; 
- establishing the initial concentration of the organic compound (2,4-DCF)  

IV.2 Materials and methods 
In the experimental study, it was used synthetic solutions containing 2,4-

dichlorophenol (Fluka Chemicals) as the organic substrate, 30% hydrogen peroxide by 
volume as the oxidation agent, and 0.1N sulfuric acid for pH adjustment (Sigma-Aldrich).  

Chemical oxygen demand (COD) analysis was performed by using potassium 
dichromate (K2Cr2O7), mercuric sulfate (HgSO4), silver sulfate (Ag2SO4), potassium acid 
phthalate (C8H5KO4), as well as sulfuric acid 95–97% by mass, all of them of analytical grade 
purchased from Sigma-Aldrich.  

The photocatalytic degradation experiments were carried out in a laboratory 
installation used for the photocatalytic oxidation of the organic substrate, consisting of a 
tubular photocatalytic reactor, equipped with a water-cooling jacket, a UV lamp, an external 
centrifugal pump that ensures the recirculation of the working solution containing the organic 
compound throughout the irradiation period, a solution storage vessel and a UV lamp power 
supply. 

The UV lamp and photocatalytic membranes were positioned coaxially in the reactor, 
with the UV lamp being placed inside the photocatalytic membrane (cylindrical shape) having 
a nominal power of 120 W, which results in the membrane absorbing a radiant energy of 1.5 
W/cm. 

The working solution containing the organic compound, with a volume of 2.5 L, was 
continuously recirculated for 2 hours with the help of the centrifugal pump, with an average 
recirculation flow rate of 1 L/min. 

The recirculation pump takes the working solution containing the organic compound 
from the storage vessel and feeds the reactor at the bottom, thus allowing the membrane to 
be completely immersed in the working solution. The reactor, with a volume of 1.5 L, is 
provided with an outer jacket necessary for the countercurrent circulation of the cooling 
agent, i.e. tap water. Since the working solution is continuously recirculated through the 
centrifugal pump, it is necessary for its passage through the recirculation vessel to have an 
additional volume of working solution. 

The functionalized material is made from a stainless-steel grid support (cylindrical 
shape, 10 cm×30 cm) on which TiO2 (P25 from Degussa, Essen, Germany) was deposited 
by electrophoretic deposition. 
IV.3 Structural and morphological characterization of TiO2/stainless steel 
functionalized materials  
For the structural and morphological characterization of the functionalized material used in 
the study of photocatalytic degradation of 2,4-DCF were realized FTIR and SEM-EDX 
analyses. 

In figure 15 is presented the FTIR spectra for the TiO2/stainless steel functionalized 
material.  
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Figure 15. FTIR spectra for TiO2/stainless steel 

FTIR spectra for TiO2/stainless steel functionalized material indicated the presence of 
TiO2 in the structure of the functionalized material. The peak value of about 826 cm-1 

indicates the presence of Ti-O-Ti bond, and the presence of C-H bond can be attributed a 
peak value of about 2030 cm-1. The presence of CH3 group can be attributed to a peak value 
of approximately 2918 cm-1. The value of about 2185 cm-1 can be attributed to the    C-O 
simple bond. 

 

 

 

 

 

 

 

 

 

 

Figure 16. SEM image for TiO2/stainless steel 
For the TiO2/stainless steel functionalized material, the SEM image (figure 16) 

indicates an agglomeration of TiO2 particles in the cavities on the steel surface. Thus, the 
deposition of particles is uneven on the surface of the material, but the degree of adhesion to 
the surface is high, which give it a higher stability during the photocatalytic process. This type 
of deposition is specific to electrophoretic process. 
IV.4 Testing of prepared materials in the study of photocatalytic degradation of 2,4-
dichlorophenol 

 Evaluation of photocatalytic degradation of prepared materials 
Photocatalytic degradation was realized by monitoring the evolution of the organic 

content of the working solution as a function of irradiation time. Thus, samples of about 10 
mL were taken from reactor at predetermined irradiation times. After the solutions were 
prepared, their pH was adjusted to the set value and the amount of hydrogen peroxide 
(calculated in advance) was added. The results obtained in both the adsorption experiments 
in the absence of UV light and the results of the photo-oxidative degradation experiments are 
presented below. 

 Kinetic of photo-oxidative degradation 
Because the photocatalytic oxidation process mainly involves two stages, one of adsorption 
of the organic compound on the catalyst surface and another of photocatalytic oxidation 
itself, the experimental results were interpreted based on the Langmuir– Hinshelwood (L-H) 
model which considers these two main stages. 
The Langmuir-Hinshelwood model was initially used to quantitatively describe solid–gas 
reactions. Currently the Langmuir-Hinshelwood model is also used to describe the kinetics of 
reactions that take place in the solid–liquid system by a rate law in which the reaction rate (r) 
is directly proportional to the fraction of surface area occupied by the substrate (θ): 
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                                                        𝑟 = −
𝑑𝐶

𝑑𝑡
= 𝑘𝜃                            (10) 

Considering the form of the Langmuir equation:   𝜃 =
𝐾𝐶

1+𝐾𝐶
             (11) and substituting in the 

above equation obtains:  𝑟 = −
𝑑𝐶

𝑑𝑡
= 𝑘𝜃 =

𝑘𝐾𝐶

1+𝐾𝐶
                                 (12) 

Where: k represents the rate constant, which is influenced by several parameters including 
catalyst mass, photon flux, etc. K represents the Langmuir–Hinshelwood equilibrium 
adsorption constant.  

Usually, the value of K is obtained from the Langmuir equation from kinetic studies 
performed in the presence of light, the results being much better than those obtained from 
studies in the dark. C represents the concentration of the organic substrate at time t. By 
integration, the above equation becomes: 

                               ln (
𝐶0 

𝐶
) + 𝐾(𝐶0 − 𝐶) = 𝑘𝐾𝑡                                         (13) 

where C0 represents the initial concentration of the organic substrate, and t represents the 
irradiation time                                            (C0-C) = kt                             (14) 

                                                                    −
𝑑𝐶

𝑑𝑡
= 𝑘𝑎𝑝 𝑐                          (15) 

The linearized form of the above equation is described by the equation: 

                                               𝑙𝑛
𝐶0

𝐶
= 𝑘𝑎𝑝𝑡                                                (16) 

                                                 t1/2 = ln
2

𝑘𝑎𝑝
                                                (17) 

By graphically representing the term ln (C0/C) as a function of the irradiation time t, a 
line is obtained whose slope represents the apparent rate constant, kap. Its value can be used 
to calculate the half-life t1/2. By the graphical representation of the term ln (C0-C) as a 
function of short irradiation times, it is possible to identify the area in which the reaction takes 
place after a kinetics of pseudo-zero order. By multiplying the apparent rate constant kap 
obtained from the slope of the graph ln (C0/C) as a function of the irradiation time with the 
initial concentration of organic substrate C0, the value of the initial reaction rate r0 is obtained 
for pseudo-first-order kinetics. This value can be used for comparison with other values of 
reaction rates obtained under various experimental conditions. 

 The influence of pH of the working solution 
The initial rate values were calculated according to the methodology described above and 
were plotted as a function to the initial concentration of 2,4-DCF expressed in terms of 
organic carbon (Figure 21a) for the four pH values of the working solution. To determine the 
kinetic parameters, the linearized form of the Langmuir–Hinshelwood model was used 
(Figure 21b). Figure 21b shows that for all pH values in the chosen concentration range 
(18.5–112.5 mg OC/L), there is a linear dependence characterized by regression coefficients 
with values close to unity. Table 7 shows the values of the kinetic parameters obtained for the 
three pH values of the working solution at a hydrogen peroxide/chlorophenol molar ratio (N) 
of 1. 

 
 
 
 
 
 
 
 
 
 

 
Figure 21. Photocatalytic oxidation kinetics of 2,4-DCF as a function of pH of the working 

solution: a. non-linear fitting of Langmuir–Hinshelwood kinetics; b. linear fitting of Langmuir–
Hinshelwood kinetics; hydrogen peroxide/chlorophenol molar ratio (N) of 1 
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The data presented in Table 7 shown that the photocatalytic oxidation of 2,4-DCF 
takes place at a faster rate with the increasing of acidity of the working solution with a 
maximum corresponding to pH 3. 

Table 7. Kinetic parameters derived from Langmuir–Hinshelwood model for photocatalytic 
oxidation of 2,4-DCF from aqueous solutions with different pH values; hydrogen 

peroxide/chlorophenol molar ratio (N) of 1 

pH k (mg/L•min) K (L/mg) 

2 0.804 0.039 

3 0.872 0.041 

5 0.748 0.029 

7 0.393 0.027 

The rate constant of the photocatalytic oxidation process (k) is about twice as high at 
pH 3 comparative with pH 7, and the adsorption constant (K) is about 1.4 times higher at pH 
3 compared to that corresponding to pH 7. These results are consistent with the results 
obtained in the adsorption study in the absence of UV radiation (dark adsorption 
experiments), which confirms that at low pH values of the working solution the adsorption 
capacity of the catalyst is higher.  

Figure 22 shows that the complete mineralization of 2,4-dichlorophenol at an initial 
concentration of 34.6 mg/L is reached after about 4 h if the working solution has a pH of 3 
and after 6 h if the working solution has a pH of 7. If the working solution has a concentration 
of 112.5 mg/L the time required for complete mineralization of the organic substrate exceeds 
9 h in the case of the solution with pH 3 and 17 h in the case of solution with pH 7. 

  

 

 

 

 

 

 

 

 

 

Figure 22. The pH effect on the photocatalytic degradation of 2,4-DCF: a. 18.75 mg OC/L; b. 
112.5 mg OC/L; hydrogen peroxide/chlorophenol molar ratio (N) of 1 

IV.5 Partial conclusions 
The obtained results in this chapter highlight the importance of operating parameters 

on the photocatalytic degradation efficiency of 2,4-DCF from aqueous solutions using the 
TiO2/stainless steel functionalized material. After the experimental tests, was highlighted that 
the degradation photocatalytic rate increase in acidic conditions (pH = 3) thus, leading to an 
increase in the photocatalytic degradation efficiency of 2,4-DCF. 

Establishment of an optimal stoichiometric ratio between the amount of H2O2 and 2,4-
DCF is a parameter with a significant importance in the photocatalytic degradation of this 
organic compound, such that a decrease or increase above the optimal stoichiometric value 
leads to a significant decrease in the efficiency of the photocatalytic degradation of 2,4-DCF. 
The photocatalytic degradation rate decreases concomitantly with the increase of the initial 
concentration of 2,4-DCF. The result obtained in this study indicate an inversely proportional 
dependence between the initial concentration of the organic compound and the 
photocatalytic degradation rate of 2,4-DCF. 
This chapter was published as:  Bobirică L., Bobirică C., Lupu G.I., Orbeci C., Influence of 
Operating Parameters on Photocatalytic Oxidation of 2,4-Dichlorofenol in Aqueous Solution 
by TiO2/Stainless Steel Photocatalytic Membrane. Applied Sciences 2021, 11(24), 11664 
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Chapter V – TiO2/Ti and Co-dopped TiO2/polymer functionalized materials for the 
degradation of phenolic organic compounds from wastewater 

V.1 Specific objectives 
In this chapter, the objective was to evaluate the photocatalytic activity of some 

functionalized materials, such as TiO2/Ti and Co-doped TiO2/polymer in the study of the 
photocatalytic degradation of phenolic compounds. The two functionalized materials were 
used in the study of the photocatalytic degradation of 4-chlorophenol and 2,4-dichlorophenol. 
V.2 Materials and methods 

The target organic compounds used in this study were 4-chlorophenol and 2,4-
dichlorophenol, in crystalline powder form. The photocatalytic degradation process was 
realized by monitoring the changes in the concentration of both chlorophenols and 
antibiotics, also called as organic substrate, as a function of irradiation time by chemical 
oxygen demand analysis.  

A molar ratio of H2O2/organic substrate of 1.5 was used throughout all experiments, 
and the pH working solutions was 3. The samples taken from the reactor were contacted with 
manganese dioxide to decompose the unreacted H2O2. 

Next, the samples were filtered and analyzed through the standard method of 
chemical oxygen demand. The experiments were performed by using synthetic solutions of 
both chlorophenols, with an initial concentration of equivalent to a chemical oxygen demand 
value of 100 mg O2/L, 200 mg O2/L, and 300 mg O2/L. 

The functionalized materials used in this study were supplied by B.I.T. s.r.l (Milan, 
Italy). These materials were obtained by grafting technique, respectively grafting 
polymerization. Both materials contain 30% TiO2. 
V.3 Structural and morphological characterization of TiO2/Ti and Co-dopped 
TiO2/polymer functionalized materials 

In figure 26 is presented the FTIR spectra for the functionalized material TiO2/Ti. 

 
Figure 26. FTIR spectra for TiO2/Ti 

The FTIR spectra for the functionalized material TiO2/Ti highlight the presence of TiO2 

in the structure of the material. 
The peak value of about 826 cm-1 can be attributed to the bond Ti-O-Ti. The group 

corresponding to the value of approximately 1730 cm-1 can be attributed to the double bond 
C=O, and the presence of C-H bond cand be attributed to a peak value about 1457 cm-1 and 
2003 cm-1. The presence of CH3 bond cand be attributed to a peak value of approximately 
2914 cm-1. The presence of this chemical groups can be attributed to organic residues 
existing on the surface of the functionalized material, after the photocatalytic degradation of 
the organic substrate. 
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Figure 27. FTIR spectra for Co-doped TiO2/polymer 

The presence of the Co-O bond is shown at a peak value of about 667 cm-1. The 
values The values of approximately 2850 cm-1 and 2919 cm-1 can be attributed to the 
presence of C-H simple bonds, and the presence of C=O bonds is indicated at a peak value 
of about 1650 cm-1 and 1713 cm-1. The presence of this chemical groups can be attributed to 
organic residues existing on the surface of the functionalized material, after the 
photocatalytic degradation of the organic substrate. The presence of Ti-O-Ti bond can be 
attributed to a peak value of about 724 cm-1. 

Both functionalized materials TiO2/Ti and Co-doped TiO2/polymer were morphological 
characterized, and the results are presented in figure 28 and figure 29. 

 

 

 

 

 

 

 

 

Figure 28. SEM image for TiO2/Ti 
The SEM image corresponding to the functionalized material TiO2/Ti indicates the 

presence of TiO2 particles in its structure. These particles appear uniformly distributed in the 
material and partially embedded in this support material, most likely due to the TiO2 
deposition process by hot grafting. 

 

 

 

 

 

 

 

 

 

 

Figure 29. SEM image for Co-doped TiO2/polymer 
The SEM image corresponding to the functionalized material Co-doped TiO2/polymer 
indicates the presence of TiO2 particles in the structure of the polymer support. These 
particles appear to be uniformly distributed in the polymer material and partially embedded in 
this material, so this deposition can be observed, only the density of Co-doped TiO2 is higher 
at the surface of the polymer material. The TiO2 particles tend to agglomerate in certain areas 
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on the surface of the material, probably being the result of the grating-precipitation process, 
through which the photocatalyst was deposited on the polymeric material used as a support. 
V.4 Testing of prepared materials in the study of photo-oxidative degradation of 4-CF 
and 2,4-DCF  

In figures 30-32 are presented the obtained results in the evaluation of the 
photocatalytic activity of the two functionalized materials prepared. 

 
Figure 30. Kinetics of 4-chlorophenol degradation as a function of its initial concentration; a. 

4-chlorophenol/H2O2=1.5, pH=3, TiO2/Ti; 
                          b. 4-chlorophenol/H2O2=1.5, pH=3, Co-doped TiO2/polymer 

The reaction (irradiation) time until complete mineralization is reached increases with the 
initial concentration of chlorophenol. The mineralization of aqueous solutions of chlorophenol 
occurs faster if Co-doped TiO2/ polymer membrane has been used. 

 
Figure 31. Kinetics of 2,4-chlorophenol degradation as a function of its initial concentration; 

a. 2,4- chlorophenol/H2O2=1.5, pH=3, TiO2/Ti;  
b. 2,4-chlorophenol/H2O2=1.5, pH=3, Co-doped TiO2/polymer 

The rate of mineralization of 2,4-dichlorophenol aqueous solution depends on the 
initial concentration of chlorophenol and on the photocatalytic membrane used. Increasing 
the initial concentration of chlorophenol leads to an increase in irradiation time until complete 
mineralization. Also, the use of Co-doped TiO2/polymer increases the mineralization rate.  
where: COD, chemical oxygen demand at reaction time, t; 

   COD0, initial chemical oxygen demand. 
As shown in figures 30 and 31, the reaction time to complete mineralization increases 

simultaneously with the increase in the concentration of chlorophenol in the initial solution, 
regardless of the type of chlorophenol and the photocatalytic membrane used. 

The obtained results can be explained by the fact that between the initial 
concentration of the organic substrate and the reaction rate, there is an inversely proportional 
dependence, so that the higher the initial concentration of chlorophenol, the lower the overall 
reaction rate. The explanation is that at constant light intensities and irradiation times, as the 
initial concentration of chlorophenol increases, more and more organic molecules are 
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adsorbed on the surface of the TiO2 photocatalyst, while the number of HO• radicals formed 
on its surface remains constant. This fact causes a decrease in the ratio of the number of 
HO• radicals and the number of organic molecules, which is reflected in lower degradation 
efficiencies. 

Regarding the photocatalytic efficiency of the studied functionalized materials, in 
figure 30 and figure 31, it can be observed that the rate of photocatalytic degradation is 
higher in the case of Co-doped TiO2/polymer than that of TiO2/Ti for both 4-chlorophenol and 
2,4-dichlorophenol. These results can be explained by the fact that doping the transition 
metal cobalt (Co) into TiO2 lattice leads to obtaining a narrow band gap due to the spin 
exchange interactions which leads the enhancement of photocatalytic activity. 
V.5 Partial conclusions  

The two phenolic compounds were degraded with significantly high efficiencies using 
the two photocatalytic membranes. The obtained experimental results in this research 
chapter regarding the photocatalytic degradation of this phenolic compounds showed that the 
degradation efficiency of 4-chlorophenol is higher than that of 2,4-dichlorophenol. Using the 
Co-doped TiO2/polymer, significantly high photocatalytic degradation efficiencies were 
obtained. The degradation rate of 4-chlorphenol and 2,4-dichlorophenol is higher for the Co-
doped TiO2/polymer membrane than that of TiO2/Ti. 
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Chapter VI – TiO2/fiberglass functionalized materials for degradation of pharmaceutical 
organic compounds from wastewater 

VI.1 Specific objectives 
In this chapter, the objective was to obtain and to evaluate efficiently photo-oxidative 

functionalized materials, such as TiO2/fiberglass, different types of fiberglass such as 
fiberglass type stratified network, type fabric and type mesh. Testing the efficiency of these 
obtained functionalized materials was carried out using a pharmaceutical compound of the 
antibiotic type, namely azithromycin. 
VI.2 Materials and methods 

 Preparation of synthetic azithromycin solution 
Azitrox formulation (200 mg/5 mL powder for oral suspension) from Zentiva was 

purchased from a human pharmacy and used as an organic compound. 
Oral suspension of 15 mL (200 mg azithromycin/5 mL) was prepared according to the 

prospectus; azithromycin powder was dissolved in 7.5 mL of distilled water, under continuous 
stirring until a uniform suspension was obtained. From this suspension, were prepared the 
working solutions, stock solution A and stock solution B. 

Stock solution A: a volume of 2.5 mL of the prepared suspension was diluted in a 100 mL 
volumetric flask. 

Stock solution B: a volume of 50mL from stock solution A was diluted in a 2500 mL 
volumetric flask. After stirring, the solution was left at room temperature for 24 hours to 
ensure complete dissolution of azithromycin, whose solubility in water is very low. 

For the determination of chemical oxygen demand was used the APHA 5220 D standard 
method, described in chapter IV.  

Three series of functionalized materials were synthesized, in three different types 
(experiment 1, 2, 3), using three types of fiberglass (type stratified network, type fabric and 
type mesh). 
Experiment 1 (1A, 1B, 1C). Dip coating in 10% solution SBS (type T166) in chloroform + 1% 
TiO2 
Experiment 2 (2A, 2B, 2C). Pre-treatment in H2SO4, dip coating in nano-TiO2 solution and 
calcination 
Experiment 3 (3A, 3B, 3C). Dip coating in nano-TiO2 solution and calcination 
VI.3 Structural and morphological characterization of TiO2/fiberglass functionalized 
materials 

For the obtained functionalized materials, were realized FTIR analysis and SEM-EDX 
analysis. 

In figure 38 are presented the FTIR spectra for the functionalized materials 
synthesized in experiment 1.  

 
Figure 38. FTIR spectra for the functionalized materials type TiO2/fiberglass type stratified 

network, type fabric and type mesh (1A,1B, 1C) 
FTIR spectra (figure 38) obtained for all the three functionalized materials obtained in 

the first experiment indicates a peak value of about 940 cm-1 which corresponding to the Si-O 
bond, specifically to these materials. The presence of TiO2 is attributed to a peak value of 
700-710 cm-1 and corresponds to Ti-O-Ti bond. 

For the functionalized material namely 1A (TiO2/fiberglass type stratified network), 
obtained in the first experiment, the SEM images of the fiberglass indicate a fascicle type 
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organization of fiberglass, each fascicle being formed from several long and straight fibers 
arranged in parallel. The size of the TiO2 particles is at the nanometric level, such as it can 
be observed that the deposition of TiO2 is not entirely uniform over the entire surface, in 
some places smaller or larger particles are visible. In figure 39 are presented the SEM 
images for the functionalized material TiO2/fiberglass type stratified network (1A). 

 

 

 

 

 

 

Figure 39. SEM images for the functionalized material 1A (TiO2/fiberglass type 
stratified network) 

SEM images (figure 41) for the functionalized material 1B (TiO2/fiberglass type fabric) 
indicate a morphology like that of the support material, so the presence of the TiO2 layer on 
the surface of the fiberglass is relatively small, in some places absent.  

 

 

 

 

 

 

 

 

 
 
 

 
Figure 41. SEM images of the functionalized material 1B (TiO2/fiberglass type fabric) 

For the functionalized material 1C (TiO2/fiberglass type mesh), SEM images indicate 
both the parallel arrangement of the fiberglass and the very low presence of the titanium 
dioxide layer, relatively uniformly deposited on the surface of the support material. 

 

 

 

 

 

 

 
 

Figure 43. SEM images for the functionalized material 1C (TiO2/fiberglass type mesh) 
Also, for the second series of functionalized materials obtained (experiment 2), were 

realized analysis for the structural and morphological characterization. In figure 45 are 
presented the FTIR spectra obtained for the functionalized materials (TiO2/fiberglass type 
stratified network, type fabric and type mesh). 
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Figure 45. FTIR spectra for the functionalized materials TiO2/fiberglass type stratified 
network, type fabric and type mesh (2A, 2B, 2C) 

FTIR spectra indicates a peak value included in the interval of about 900-930 cm-1 

corresponding to C-H bond, and peak value of approximately 1490 cm-1 which are 
corresponding to the presence of C-H bond. Also, a peak value of approximately 750 cm-1 
can be attributed to the presence of Ti-O-Ti bond. 

For the functionalized material 2A (TiO2/fiberglass type stratified network), the SEM 
images indicate a similar morphology with the support material, so that on the surface of the 
fiberglass the presence of TiO2 layer is insignificant. The increase in the magnitude of the 
SEM images indicates that the deposition of TiO2 is not a uniform deposition. 

 

 

 

 

 

 

 

 

 

Figure 46. SEM images for the functionalized material 2A (TiO2/fiberglass type 
stratified network) 

SEM images obtained for the functionalized material 2B (TiO2/ fiberglass type fabric) 
indicates a parallel arrangement of fiberglass, Ti particles being also present, thus certifying 
the deposition of the TiO2 layer. An increase of magnitude of SEM images indicates that the 
TiO2 deposition is non-uniform. 

 

 

 

 

 

 

 

 

 

Figure 48. SEM images of the functionalized material 2B (TiO2/fiberglass type fabric) 
SEM images of the functionalized material 2C indicates the presence of TiO2, but also 

the parallel structure of the long, straight strands of the mesh-like fiberglass on which the 
titanium dioxide has been deposited. 
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Figure 50. SEM images for the functionalized material 2C (TiO2/fiberglass type mesh) 

In figure 52 are presented the FTIR spectra for all the three functionalized materials. At peak 
value of about 920 cm-1 is indicate the presence of O-H chemical bond; at another peak 
values of approximately 1480-1496 cm-1 are indicate the presence of C-H bond, and the 
presence of double bond C=O is attributed to a peak value of about 1570 cm -1. The presence 
of TiO2 can be attributed to a peak value of about 760 cm-1 which cand be attributed to the 
presence of Ti-O-Ti bond. 

 
Figure 52. FTIR spectra for the functionalized material TiO2/fiberglass type stratified 

network, type fabric and type mesh (3A, 3B, 3C) 
The SEM images for the fiberglass type stratified network indicate a parallel 

arrangement of long glass threads, but also the presence of Ti particles on the surface of 
support material. 

 
 

 

 

 

Figure 53. SEM images for the functionalized material 3A (TiO2/fiberglass type 
stratified network) 

In the SEM images obtained for the functionalized material 3B, can be observed the 
presence of Ti particles, suggesting its uneven deposition on the surface of the support 
material. 
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Figure 55. SEM images of the functionalized material 3B (TiO2/fiberglass type fabric) 
The SEM images obtained for the functionalized material 3C (TiO2/fiberglass type 

mesh) indicate a parallel disposition of the fiberglass threads and the presence of Ti 
confirming a controlled and uniform deposition of titanium dioxide. 
 

 

 

 

 

Figure 57. SEM images for the functionalized material 3C (TiO2/fiberglass type mesh) 
VI.4 Testing of TiO2/fiberglass functionalized materials in the study of photo-oxidative 
degradation of azithromycin 

All the prepared functionalized materials were tested in the study of photocatalytic 
oxidation of azithromycin. For the functionalized materials namely 1A, 1B, 1C the results are 
presented in figures 60-62. 

 
 
 

 

 

 

 

 

Figure 60. Kinetics of the photocatalytic degradation of the organic content of the 

azithromycin using the 1A functionalized material: a. COD values against time;                               

b. ln(COD0/COD) against time illustrating pseudo-first-order photocatalytic reaction 

The results presented in figure 60 indicate a faster degradation of azithromycin 
content in the first 30 minutes of irradiation, and further the reaction proceeds slowly until the 
end of the irradiation time (120 minutes). 

Next, in figure 61 are presented the results of the photocatalytic degradation tests for 
the functionalized material 1B. 
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Figure 61. Kinetics of the photocatalytic degradation of the organic content of the 

azithromycin using the 1B functionalized material: a. COD values against time;                               
b. ln(COD0/COD) against time illustrating pseudo-first-order photocatalytic reaction 

The obtained results for the functionalized material 1B indicate a faster photocatalytic 
degradation of the organic content (azithromycin) in the first stage of irradiation (0-30 
minutes) and a slow degradation in next irradiation time (30-120 minutes). The photocatalytic 
degradation of azithromycin follows a pseudo-first-order kinetic. 

Figure 62 presents the obtained results in the study of photocatalytic oxidation of 
azithromycin using the functionalized material namely 1C. 

 

 

 

 

 

 

 

 
 

Figure 62. Kinetics of the photocatalytic degradation of the organic content of the 
azithromycin using the 1C functionalized material: a. COD values against time;                               

b. ln(COD0/COD) against time illustrating pseudo-first-order photocatalytic reaction 
The obtained results indicate that the degradation occurs more rapidly in the first 

minutes of irradiation (0-30 minutes), and then proceeds more slowly (30-120 minutes), 
follows a pseudo-first-order degradation kinetic. 
 

 

 

 

 

 

 

 

 
Figure 64. Kinetics of the photocatalytic degradation of the organic content of the 

azithromycin using the 2A functionalized material: a. COD values against time;                               
b. ln(COD0/COD) against time illustrating pseudo-first-order photocatalytic reaction 

The obtained results indicate that the process takes place faster in the first part of the 

irradiation time (0-30 minutes), and in the second part of the irradiation time (30-120 minutes) 

it takes place more slowly. 

 

 

 

 



Photo-oxidative degradation of organic compounds from wastewater 

 

21 

 

 

 

 

 

 

 

Figure 65. Kinetics of the photocatalytic degradation of the organic content of the 

azithromycin using the 2B functionalized material: a. COD values against time;                              

b. ln(COD0/COD) against time illustrating pseudo-first-order photocatalytic reaction 

The results obtained in the study of the photocatalytic oxidation of azithromycin, 

presented in figure 65, indicate a faster photocatalytic degradation of the organic compound 

of azithromycin in the first minutes of irradiation (0-30 minutes), with a slower reaction rate 

occurring in the following minutes of irradiation (30-120 minutes).  

Figures 67-69 present the results obtained in the study of the photocatalytic oxidation 

of the organic content of azithromycin using TiO2/fiberglass functionalized material (3A, 3B, 

3C). 

 

 

 

 

 

 

 

 

Figure 67. Kinetics of the photocatalytic degradation of the organic content of the 

azithromycin using the 3A functionalized material: a. COD values against time;                               

b. ln(COD0/COD) against time illustrating pseudo-first-order photocatalytic reaction 

The results in Figure 67 indicate a rapid degradation of the organic compound of 

azithromycin in the first 30 minutes of UV irradiation, while in the second stage (30-120 

minutes) the reaction proceeds at a slower degradation rate, following a pseudo-first-order 

photocatalytic reaction. 

 

 

 

 

 

 

 

 

 

Figure 68. Kinetics of the photocatalytic degradation of the organic content of the 

azithromycin using the 3B functionalized material: a. COD values against time;                              

b. ln(COD0/COD) against time illustrating pseudo-first-order photocatalytic reaction 
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The results obtained in the case of the photocatalytic degradation of the azithromycin 

content using the TiO2/fiberglass functionalized material type fabric called 3B indicate that 

the reaction proceeds faster in the first 30 minutes of irradiation, followed by a slower 

degradation rate in the next (30-120 minutes), so it can be said that the reaction follows a 

pseudo-first-order kinetics. 

 

 

 

 

 

 

 

 

 

Figure 69. Kinetics of the photocatalytic degradation of the organic content of the 

azithromycin using the 3C functionalized material: a. COD values against time;                              

b. ln(COD0/COD) against time illustrating pseudo-first-order photocatalytic reaction 

As can be seen in Figure 69, the photocatalytic degradation of the organic compound 

of azithromycin in the case of the TiO2/fiberglass functionalized material type mesh called 

3C, the reaction rate is higher in the first 30 minutes of irradiation, followed by a slower 

degradation rate in the next 30-120 minutes of irradiation. Thus, it can be said that the 

reaction follows a pseudo-first-order kinetics. 

VI.5 Partial conclusions 

Based on the characterizations and results obtained from the study of the 

photocatalytic oxidation of azithromycin using the TiO2/fiberglass support of functionalized 

materials of type layered network, type fabric, and type mesh prepared in three different 

ways, the following conclusions were drawn: 

- in the case of the functionalized materials 1A, 1B, and 1C synthesized by immersion 

coating in a solution of styrene–butadiene–styrene elastomer type T 166 (10% SBS) 

in chloroform and deposition of photocatalyst (1% TiO2), the deposition was not 

uniform over the entire surface of the support material, and the photocatalytic 

degradation efficiencies of the organic compound of azithromycin reached values 

between 60-77%, with the highest degradation efficiency being achieved in the case 

of the use of the functionalized material called 3C (TiO2/fiberglass support type 

mesh), reaching a value of approximately 77.2%; 

- in the case of the functionalized materials 2A, 2B, and 2C prepared in a first step of 

pre-treatment with H2SO4 followed by immersion coating in a solution of nano-TiO2 

and calcination, it can be stated that due to the pre-treatment with H2SO4, these 

functionalized materials presented a fragile character, being easily friable, thus the 

functionalized material type TiO2/fiberglass support type mesh (2C) could not be 

tested in the study of the photocatalytic oxidation of the azithromycin; 

- In the case of the functionalized materials 3A, 3B, and 3C, the TiO2 deposits on the 

surface of the support material (fiber glass) were uniform, resulting in high 

photocatalytic degradation efficiencies of up to 85% (in the case of 3C). 

Part of this chapter was published as: Giovanina - Iuliana Lupu, Liliana Bobirică, 

Constantin Bobirică, Cristina Orbeci. Photocatalytic oxidation of azithromycin in aqueous 

solution by TiO2-coated fiberglass membrane. UPB Scientific Bulletin Series B: Chemistry 

and Materials Science 2023, 85(2), 35-4 
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Chapter VII – TiO2/fiberglass and Nb-dopped TiO2/fiberglass functionalized 

materials 

VII.1 Specific objectives 

In this chapter, two distinct functionalized materials were synthesized, characterized, 

and tested in the study of photocatalytic oxidation, namely TiO2/ fiberglass functionalized 

materials type stratified, noted MI, and TiO2 doped with Nb/fiberglass type stratified network, 

denoted MII. Following the results obtained in the previous chapter (chapter VI), it was 

chosen the inert support of fiberglass type stratified network functionalized materials, with the 

use of TiO2 obtained by combustion (350 °C). 

VII.2 Materials and methods 

In the experimental studies conducted in this chapter, a synthetic solution of 

azithromycin was used, prepared according to the method described in subchapter VI.2. 

The chemical oxygen demand (COD) was determined using the standard APHA 5220 D 

method (closed-flow, colorimetric method) [105] described in chapter IV. 

Samples of 10 mL of solution were taken from the photocatalytic reactor at different 

irradiation times, namely at 0, 5, 15, 30, 60, 90, and 120 minutes after the UV radiation lamp 

was turned on. 

The most important problem encountered in the formation of photocatalytic materials 

is to ensure the adhesion of TiO2 (or another photocatalyst) to the membrane support, while 

ensuring a very good dispersion on the surface of the material. 

Taking into account the nature of the support (fiberglass) and the photocatalytic component 

(TiO2 powder), sodium silicate solution was used as a binder. 

The reason for using sodium silicate solution as a binder is due to the fact that it is 

compatible with both the fiberglass support and titanium dioxide, in the sense that sodium 

silicate can interact with the glass fiber and TiO2 (forming a hydrated TiO2 suspension which, 

by heat treatment, can partially interact with sodium silicate in a basic medium to form mixed 

oxides). 

For the preparation it was used a sodium silicate solution with the following 

characteristics:  

- SiO2 content – 36.22%; 

- Na2O content – 12.55%; 

- Silicic mode (SiO2/SiO2) = 2.98; 

- Density – 1.4088 g/cm3 

For the preparation of functionalized materials some stages were completed: 

- Cutout fiberglass support 30x10 (Lxl); 

- Dilution of sodium silicate solution/distilled water, in a volumetric ratio of 1/5; 

- Mixing of TiO2 powder with the diluted sodium silicate solution in a mass ratio of 1/10 

- Preparation of the fiberglass support material by activating with 5% sodium hydroxide 

solution for 30 minutes, and then washing with distilled water; 

- Forming fiberglass support in a cylindrical shape; 

- Immersing the cylindrical fiberglass support in the sodium silicate/TiO2 solution;  

- After immersion the formatted support was drained and draying the oven at a 

temperature of 105°C for one hour; 

- After drying the oven, the formed fiberglass support was visually examined for 

stiffness and color, and then support was placed on a large glass watch and 

subjected to calcination at 180°C for two hours; 

- After calcination and cooling the obtained material was washed with distilled water 

and dried at room temperature for 24 hours. 
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VII.3 Structural and morphological characterization of TiO2/fiberglass and Nb-dopped 

TiO2/fiberglass functionalized materials  

In figure 71, the FTIR spectra for the obtained functionalized materials are presented. 

 

 

 

 

 

 

 

 

 

 

Figure 71. FTIR spectra for the functionalized materials M I and M II 

The FTIR spectra for the functionalized material TiO2/fiberglass namely M I and the 

functionalized material Nb-dopped TiO2/fiberglass fiber namely M II presented in figure 71 

indicate the presence of the Ti-O bond at peak values of approximately 900 cm-1. The Si-O-Ti 

chemical bond is present at peak values of approximately 1020 cm-1, and the C-C bond is 

present at peak values of approximately 1050 cm-1. 

Figure 72. SEM images for the functionalized material TiO2/ fiberglass type stratified 

network (M I) 

 

Figure 73. SEM images for the functionalized material Nb-dopped TiO2/ fiberglass 

type stratified network (M II) 

The SEM images of the functionalized materials type TiO2/ fiberglass type stratified network 

and Nb-dopped TiO2/fiberglass type stratified network indicate a structure of fiberglass type 

fascicle, each fascicle consisting of several long, straight wires arranged in parallel. The 

presence of Ti is also visible, with nanometric particle size of 79-282 nm. 

VII.4 Testing of prepared functionalized materials in the study of photo-oxidative 

degradation of azithromycin  

In figure 75-76, are presented the results of tested functionalized materials in the 

study of photo-oxidative degradation of azithromycin. 
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Figure 75. Kinetics of the photocatalytic degradation of the organic content of the 

azithromycin using the M I functionalized material: a. COD values against time;                              

b. ln(COD0/COD) against time illustrating pseudo-first-order photocatalytic reaction 

As can be observe in the figure 74 and 75 the value of COD decreases proportionally with 

the increase of the irradiation time.  

 

 

 

 

 

 

 

 

 

 

 

Figure 76. Kinetics of the photocatalytic degradation of the organic content of the 

azithromycin using the M II functionalized material: a. COD values against time;                              

b. ln(COD0/COD) against time illustrating pseudo-first-order photocatalytic reaction 

Figures 75 and 76 indicate that, for both the functionalized materials M I and M II, the 

photocatalytic degradation process of azithromycin proceeds with a higher reaction rate in 

the first 30 minutes, and then the reaction rate decreases significantly, without changes in 

COD values. 

VII.5 Partial conclusions 

For the functionalized materials TiO2/fiberglass and Nb-doped TiO2/fiberglass, using sodium 

silicate as a binder, the degradation efficiencies reached values of approximately 24.5% in 

the case of M I and only 5.4% in the case of M II. The low values of these degradation 

efficiencies confirm that the deposition of the photocatalyst was not uniform, hence the lack 

of photocatalytic activity of these materials, and the impossibility of using them in the 

photocatalytic degradation processes of azithromycin antibiotics. 
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Chapter VIII – Nb-dopped TiO2/fiberglass and Nb and FeCl3-dopped 

TiO2/fiberglass functionalized materials 

VIII.1 Specific objectives 

The objectives of the study presented in this chapter were the development of new 

functionalized materials such as Nb-dopped TiO2/fiberglass type mesh and Nb and FeCl3-

dopped TiO2/fiberglass for the photo-oxidative degradation of the antibiotic azithromycin from 

synthetic solutions. In the first step, Nb-doped TiO2 and Nb and Fe-doped TiO2 

photocatalysts were prepared by the solution combustion synthesis method, and then they 

were structurally and morphologically characterized. In the second step, the thus prepared 

photocatalysts were manually embedded on an inert glass fiber mesh support using a 

polymeric material, namely polydimethylsiloxane (PDMS) as a binder. The functionalized 

materials thus prepared were subjected to structural and morphological characterization, and 

then tested in the photo-oxidative degradation study of azithromycin.  

VIII.2 Materials and methods  

In the experimental studies carried out in this chapter, synthetic azithromycin solution 

prepared according to the method described in subchapter VI.2 was used. 

To determine the chemical oxygen consumption, the standard method APHA 5220 D 

(closed flow, colorimetric method) [105] described in chapter IV was used. 

Samples of 10 mL of solution were taken from the photocatalytic reactor at various 

irradiation times, namely at 0, 5, 15, 30, 60, 90, and respectively at 120 min from the start of 

the UV radiation lamp. 

For the preparation of Nb-doped TiO2 and Nb- and Fe-doped TiO2 photocatalysts, a 

series of chemical reagents were used such as: Ti(IV) iso-propoxide, purchased from Sigma 

Aldrich; nitric acid, purchased from Sigma Aldrich and glycine (C2H5NO2), purchased from 

Carl Roth.  

In the preparation of niobium and/or iron co-dopped (15% Nb) or undoped TiO2, the 

chemicals, Ti(IV) iso-propoxide (Sigma Aldrich), nitric acid (Sigma Aldrich) and glycine (Carl 

Roth), were used without further purification. The oxidant titanyl nitrate was prepared by slow 

hydrolysis of 9 mL Ti(IV) iso-propoxide added drop wise under vigorous stirring in 30 mL 

followed by nitration with 4 mL of nitric acid under ice cold conditions and vigorous stirring for 

3h. The titanylnitrate obtained was mixed with glycine (2.4 g), ammonium niobate (V) oxalate 

103 hydrate (Sigma Aldrich) (1.17 g) and iron (III) chloride hexahydrate (Sigma Aldrich) (0.1 

or 0.2 g) for 1h under stirring. After thorough mixing, the resulting solution was kept in 

furnace at 773K for 1h. For comparison, 15% Nb-TiO2 and TiO2 (were synthesized in 

accordance with the procedure, but without addition of ammonium niobate (V) oxalate 

hydrate and/or iron (III) chloride hexahydrate in solution. 

The photocatalysts thus prepared were further named as: P1 (TiO2 doped with 15% 

Nb), P2 (TiO2 doped with Nb 15% and Fe 0.1 g) and P3 (TiO2 doped with Nb 15% and Fe 0.2 

g). 

The functionalized materials were made from an inert fiberglass support on which a 

layer of rubberized silicone (PDMS) was deposited, in which the photocatalyst was 

previously added namely, Nb-TiO2 and Nb-Fe-TiO2. In this respect, to develop the 

membrane, the fiberglass membrane was immersed in a homogeneous mixture of 

rubberized silicone (PDMS) and photocatalysts at a mass ratio of rubberized silicone/titanium 

dioxide of 5/1, the mixture was mixed and then, it was deposited on the fiberglass surface. 

Next, the obtained photocatalytic membrane was dried at room temperature for 24 hours. 

Thus, three functionalized photocatalytic membrane type materials were prepared: 

- 15% Nb-dopped TiO2 namely M1; 

- 15% Nb and Fe (0.1 g)-dopped TiO2 namely M2; 
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- 15% Nb and Fe (0.2 g)-dopped TiO2 namely M3 

VIII.3 Structural and morphological characterization of Nb-dopped TiO2/fiberglass type 

mesh and Nb and FeCl3-dopped TiO2/fiberglass type mesh functionalized materials 

 For to investigate the morphology of the photocatalysts and the morphology of 

functionalized materials was used a Quanta 650 120 FEG scanning electron microscope 

(SEM) equipped with EDX analyzer operated at 10 kV.  

FTIR analysis was performed on an ATR-FTIR spectrum 100 (PerkinElmer) with 4 

consecutive scans in the 4000-550 cm-1 region and 4 cm-1 resolution. The presented spectra 

are the average of these scans. 

 X-ray Photoelectron Spectroscopy (XPS) was performed by using a K-Alpha 

instrument (Thermo Scientific) with a monochromate Al Kα source which offer photons with 

1486.6 eV. Binding energies were calibrated by placing the C 1s peak at 284.4 eV.  

In figure 79 are presented the results of SEM-EDX analysis for the photocatalyst 15% 

Nb-dopped TiO2. 

 
Figure 79. Scanning electron microscopy (SEM) micrographs and energy-dispersive 

X-ray diffraction (EDX) spectrum for 15%Nb- TiO2 

 
Figure 80. Scanning electron microscopy (SEM) micrographs and energy-dispersive 

X-ray diffraction (EDX) spectrum for 15%Nb- TiO2 

 
Figure 81. Scanning electron microscopy (SEM) micrographs and energy -dispersive 

X-ray diffraction (EDX) spectrum for 15%Nb- TiO2 
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As can be seen in the SEM images, there are some agglomerations that are 

maintained in approximately the same shape and density for all three photocatalysts. The 

intensity of the peak in the EDX spectra corresponding to Fe increased with the increase of 

the amount of iron incorporated into the TiO2 structure, while the intensity of the peak 

corresponding to Nb is kept constant (EDX spectra in figures 79-81). Therefore, consistent 

with the XRD analysis, the increase in the amount of iron introduced into the TiO2 structure 

suggests the replacement of Ti4+ with various iron species.  

The SEM images and the EDX spectra obtained for the functionalized materials (M1, 

M2, M3) are presented in figures 82-84.  

 
Figure 82. SEM images and EDX spectra for the functionalized materials namely M1  

 
Figure 83. SEM images and EDX spectra for the functionalized materials namely 

M2 

 

 

 

 

 

 

 

 

 

Figure 84. SEM images and EDX spectra for the functionalized materials namely M3  

As can be seen in figure 82, the photocatalytic membrane M1 shows agglomerations of the 

photocatalyst (P), which denotes an uneven 230 deposition of it on the surface of the 

membrane. It seems that, in the case of the M2 and M3 photocatalytic membranes, the 

photocatalyst is embedded in rubberized silicone/PDMS (S-R), and the distribution of the 

photocatalyst (P) in the membrane is much more homogeneous than in the case of the M1 

photocatalytic membrane. 
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 Structural characterization of photocatalysts and functionalized materials M1, M2, M3 

Figure 85 shows the FTIR spectra for all the three photocatalysts, namely P1, P2 and P3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 85.  FTIR spectra for the photocatalysts P1, P2 and P3 

The presence of some weak transmittance between 700-730 cm-1 are attributed to the 

stretching vibrations of the Ti-O groups. All the three spectra show peaks around 1000 cm-1 

which could be assigned to Nb-O-Ti vibrations. The transmittance corresponding to                    

1529 cm-1 in P2 and P3 spectra could be attributed to Ti-O-Fe bound [8, 9]. Moreover, the 

band at approximately 1700 cm-1 can be attributed to C=O, most probably derived from the 

photocatalyst preparation method. Anatase phase of TiO2 shows certain strong FTIR bands 

in the region of 1200-1300 cm-1, where is seen the broad intense band attributed to Ti-O-Ti 

vibrations [10].  

The FTIR spectra for all the three functionalized materials are presented in figure 86.  

 

 
Figure 86. FTIR spectra for the functionalized materials M1, M2 and M3 

The peaks at approximately 700 cm-1 are corresponding to the functional groups Si-

(CH3)3, and other peaks between 840-790 cm-1 can be attributed to Si-(CH3)2 functional 

groups. Peaks between 1100-1000 cm-1 corresponding to Si-O-Si functional groups [11,12]. 

All these functional groups show the presence of silicone rubber in the composition of new 

obtained photocatalytic membranes [13]. Other peaks are at a 2960 cm -1 show the presence 

of CH stretch in CH3 functional group.  

For a thorough structural characterization, XPS analysis was also performed for the 

three photocatalysts P1, P2 and P3. The XPS spectra are shown in figure 87 a-c. 
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Figure 87. XPS spectra of TiO2 powders doped with niobium and iron: a. P1, P2, P3; 

b. Deconvolution of Fe2p spectra in P2; c. Deconvolution of Fe2p spectra in P3. 

 

For the photocatalyst P1, the peaks at 207.35 eV and 458.81 eV are corresponding to Nb 3d 

(Nb 3d5/2) and Ti 2p (Ti 2p3/2). Nb 3d3/2 peak corresponds to that of Nb5+ oxidation state, 

and Ti 2p3/2 peak corresponds to that of Ti4+ oxidation state [14]. For samples P1 and P2, 

the peaks that appear at approximately 710 eV correspond to the added iron (Fe2p). The 

deconvolution of these peaks showed that the Fe 2p3/2 peaks correspond to the Fe2+ (709 

eV) and Fe3+ (711 eV and 712 eV) oxidation states. The O 1s peak corresponds to the 

lattice oxygen of TiO2. 

 The XPS analysis was realized for the three functionalized materials M1, M2 and M3. 

The XPS spectra are presented in figure 88. 

 

 

 

 

 

 

 

 

 

 

Figure 88. XPS spectra for the functionalized materials M1, M2 and M3 

It should be noted that the XPS analysis for the three photocatalytic membranes was 

performed after the two hours of UV irradiation (after a test cycle of the photocatalytic 

activity). It seems that the peaks corresponding to titanium (Ti 2p at 458.87 eV,) and niobium 

(Nb 3d3/2 at 210.27 eV) appear in the spectra of the three photocatalytic membranes, but at 

a reduced intensity compared to the initial spectra of photocatalysts powders. This denotes a 

good stability of the photocatalytic membranes, which would allow their use in several 

successive cycles of photocatalysis. Regarding the peak 201 associated with iron, it is 

shifted to 219.21 eV corresponding to Fe2p1/2, thus indicating the complete transition to Fe3+ 

in γ-Fe2O3 after UV irradiation. 

 

 

 

a. b. c. 
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VIII.4 Testing of photocatalytic materials in the study of photo-oxidative degradation of 

azithromycin 

  Photocatalytic initial tests  

Initial photocatalytic tests (membrane without added organic material) showed that 

these photocatalytic membranes are stable, the concentration of organic substrate in solution 

that could have come from the composition of the membranes was zero. Also, the 

photocatalyst embedded in the membranes was not released into the solution, which 

confirms its physical stability. 

 Tests of photo-oxidative degradation of azithromycin using the functionalized 

photocatalytic membrane type materials obtained. 

 

 

 

 

 

 

 

 

Figure 89. Photocatalytic degradation of azithromycin by using M1: a) variation of the 

concentration of the organic substrate with the irradiation time; b) pseudo-first-order 

kinetic model 

The results obtained using the M1 membrane (figure 89) indicate a fast degradation 

of the organic substrate (AZT + excipients) in the first 15 minutes of UV irradiation. The 

photocatalytic degradation follows a pseudo-first order kinetics whose rate constant over the 

interval 0-15 minutes is 0.054 min-1. After 15 minutes of UV irradiation, the degradation of the 

remaining organic substrate continues, but at a very low rate, the rate constant for the 

interval 15-120 minutes being 0.0006 min-1.  

In figure 90 are presented the results on testing M2 in the study of photo-oxidative 

degradation of azithromycin.  

 

 

 

 

 

 

 

 

Figure 90. Photocatalytic degradation of azithromycin by using M2: a) variation of the 

concentration of the organic substrate with the irradiation time; b) pseudo-first-

order kinetic model 

For M2 photocatalytic membrane (figure 90), the experimental results obtained 

indicate a good degradation of the organic substrate in the first minutes (0-15 minutes) of the 

UV irradiation. The process of photocatalytic degradation is following a pseudo-first order 

kinetics which in the first 15 minutes has a rate constant of 0.0268 min -1. In the next 

irradiation time (15-120 minutes), the rate constant is 0.0046 min-1. 

Figure 91 presents the results obtained in the photocatalytic degradation of 

azithromycin using M3.  
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Figure 91. Photocatalytic degradation of azithromycin by using M3: a) variation of the 

concentration of the organic substrate with the irradiation time; b) pseudo-first-order 

kinetic model 

Regarding the M3 photocatalytic membrane, the degradation kinetics is pseudo-order 

1, but the degradation speed is higher than in the case of the M2 membrane. Thus, on the 

interval 0-15 minutes the rate constant is 0.075 min-1, and on the interval 15-120 minutes the 

speed constant is 0.0013 min-1. It can be observed that, in all the three cases, the 

degradation of the organic substrate proceeds in two steps, namely, a first step that 

proceeds at a high speed over a short irradiation interval and a second sharp step proceeds 

at a low speed over a long irradiation interval. This could be due to the high rate of 

degradation of the initial organic substrate to intermediate compounds with greater 

resistance to the photocatalytic oxidation conditions in the reactor. 

VIII.5 Proposed mechanism for the photo-oxidative degradation of azithromycin 

Gas chromatography-mass spectrometry (GC-MS) was used to identify the intermediate 

compounds formed in the photo-oxidative degradation of azithromycin. The gas 

chromatograph mass spectrometer was a PerkinElmer instrument with Autosystem XL GC, 

turbo mass MS, autosampler, 2-μL injection, 200° injection port, 200° interface, 70-eV 

electron impact (EI) mode and 40–630-amu mass range. 

 To identify the intermediates formed during the photocatalytic oxidation process, an 

azithromycin solution of 20 mg/L was irradiated, from which samples were taken for 

approximately 480 minutes (8 hours). The samples were processed to separate and identify 

the compounds present in them. Thus, based on the chromatograms and mass spectra, both 

azithromycin (at short irradiation times) and 4 intermediates were identified, the abundance 

of which changes depending on the irradiation time. 

 
Figure 96.  Proposed mechanism of azithromycin mineralization by photocatalytic oxidation 

The results presented have indicated that azithromycin breaks down into smaller and 

smaller molecules until simple compounds under UV irradiation in the experimental 

conditions of these works, but complete mineralization (when no organic compound was 
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detected on the chromatograms) is reached at irradiation times of approximately 480 minutes 

(8 hours). 

VIII.6 Partial conclusions  

The conclusions resulting from this study are the following: 

- modification of the TiO2 structure by introducing Nb and Fe, an aspect that led to an 

approximately two-fold increase in its specific surface area; 

- this increase determined an easier adsorption of the reactants on the photocatalyst 

surface, facilitating the photocatalytic degradation process; 

- the introduction of Fe into the structure of the photocatalyst led to the triggering of 

the photo-Fenton degradation mechanism of the organic substrate, which led to the increase 

of the overall efficiency of the photocatalytic degradation process; 

- the fiber glass type mesh/rubberized silicone support in which the photocatalyst was 

embedded has high mechanical and physicochemical resistance, which gives it the property 

of being widely used in the synthesis of these types of photocatalytic membranes. Thus, this 

support has a high elasticity, thus being able to adopt different forms in the photocatalytic 

reactor, without the risk of losing the photocatalyst from the surface or inside it, being 

practically inert in strongly oxidizing conditions in the photocatalytic reactor. This type of 

membranes is of interest for future investigations and for improving their photocatalytic 

activity. 

This chapter will be published as: Giovanina-Iuliana LUPU, Cristina ORBECI, 

Constantin BOBIRICĂ, Liliana BOBIRICĂ, Elena Sorana LAZĂR, Jeanina PANDELE-CUSU, 

Marian Nicolae VERZIU, Cristian PÎRVU, Roberta-Geanina IRODIA. Photocatalytic 

degradation of azithromycin formulation in aqueous solution by doped titanium 

dioxide/fiberglass-rubberized silicone photocatalytic membrane. Sustainable Environment 

Research, 2023   F.I. 4,9  
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Chapter IX – Nanocomposite materials based on cellulose acetate and 
graphene oxide and PTFE coating with TiO2 covered 

IX.1 Specific objectives 
In this chapter, the main objective was to develop a novel type of nanocomposite 

material based on cellulose acetate combined with small amounts of graphene oxide with 
TiO2 covered. The specific objectives were to characterize these functionalized materials and 
to test it in the study of photocatalytic oxidation of azithromycin. 

IX.2 Materials and methods 
Cellulose acetate (CA), titanium dioxide, and graphene oxide (GO) were purchased 

from Sigma-Aldrich. N,N′-dimethylformamide (DMF) and ethanol were purchased from Merck 
with analytical purity and used as such, without any additional purification processes. 

Polytetrafluoroethylene (PTFE) rod was used to mechanically machine magnetron 
targets according to the technical specifications of the magnetron sputtering gun (diameter: 
25.4 mm, thickness: 3.18 mm). After preparation, the PTFE targets were cleaned by 
ultrasonication in ethanol (laboratory grade) before mounting on the magnetron gun. 

Azitrox formulation (200 mg/5 ml powder for oral suspension – antibiotic azithromycin) 
from Zentiva was purchased from a human pharmacy. It contains the active component 
(azithromycin dihydrate) and a series of organic and inorganic excipients (sugar, trisodium 
phosphate anhydrous, hydroxypropyl cellulose, xanthan gum, and banana flavour).  

In the experimental studies carried out in this chapter, synthetic azithromycin solution 
prepared according to the method described in subchapter VI.2 was used. 

To determine the chemical oxygen consumption, the standard method APHA 5220 D 
(closed flow, colorimetric method) [105] described in chapter IV was used. 

Samples of 10 mL of solution were taken from the photocatalytic reactor at various 
irradiation times, namely at 0, 5, 15, 30, 60, 90, and respectively at 120 min from the start of 
the UV radiation lamp. 

Functionalized composite materials with embedded graphene oxide and TiO2 were 
prepared based on sonochemical and phase inversion methods. 

The polymer solution was prepared by dissolving the cellulose acetate (CA) in N,N′-
dimethylformamide (DMF) at desired concentration (12%) under magnetic stirring for 24 
hours at room temperature. For composite membranes preparation, three different 
concentrations of GO were used, by adding the desired amount of GO in polymer solution at 
three different concentrations – 0,5%, 1%, 2%, related to polymer mass in solution. Along 
with graphene, the same amount of TiO2 was added in every solution.  

The coverage of graphene oxide with titanium dioxide and also dispersion of covered 
nanofiller in the polymer solution were performed under sonication for 30 minutes and cooled 
on an ice bath in order to keep the temperature below 5°C. 

After 30 min sonication, a homogeneous, slightly viscous, and black mass was 
obtained. Membrane obtaining was accomplished by depositing polymer solution onto a 
spectral glass having a blade fixed at a standard thickness of 250 μm. 

The formed polymer solution films were then immersed in the coagulation bath 
containing 200 mL of distilled water and after synthesis the obtained membranes were 
washed consequently with deionized water and ethanol. 

The deposition of PTFE films was conducted in a spherical stainless-steel vacuum 
chamber, equipped with a 1 inch magnetron sputtering source. The PTFE sputtering 
deposition process was performed by operating the discharge using an RF power generator 
(13.56 MHz) with 80 W in argon (purity 99.9999%), at 100 sccm flow rate, which established 
a working pressure of 1.4× 10-3 mbar. 

For the poisoning prevention of the targets, the magnetron source was technical 
adjusted by mounting a chimney just in front of the magnetron ring.  

For obtaining composite membranes with improved mechanical and chemical 
properties the sputtering time was set for 50 minutes for 200 nm thickness of the PTFE 
layers onto the face oriented towards the UV radiation and just 5 minutes (20 nm) on the 
opposite face, just to ensure its hydrophobization. 

Chemical structure of the CA/GO support membranes and PTFE/CA-GO composite 
membranes was investigated by Fourier Transform Infrared spectroscopy (FTIR) analysis 
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a) CA-GO 0,5% b) CA-GO 1% c) CA-GO 2% 

   

d) CA-GO 0,5%/PTFE e) CA-GO 1%/PTFE f) CA-GO 2%/PTFE 

 

Figure 1. SEM images (magnification x ) of the initial CA-GO membranes (a-c) with 

various GO concentration on the side with small pores, and respectively of the composites 

membranes coated with 200 nm PTFE layer (d-f) 

 

using a Bruker Vertex 70 (Bruker, Billerica, MA, USA) equipment with a diamond ATR device 
in the range of 600–4000 cm−1. The spectra were recorded as an average of 32 successive 
measurements, eliminating bands of noise, atmospheric CO2, and atmospheric water vapor. 

The morphological evaluation of the initial support membranes and the modification of 
pores aspect after the deposition process were revealed by High Resolution Field Emission 
Scanning Electron Microscopy (HR-FE-SEM). The measurements were performed on Apreo 
S LoVac apparatus, from Thermo Fisher Scientific, operating at acceleration voltage of 10 
kV. Before analyses, a 10 nm thick layer of gold was applied on the composite membranes 
surface, to prevent charge accumulation during the examination process. 

The chemical composition of the initial CA-GO-TiO2 support membranes and 
PTFE/CA-GO-TiO2 composite membranes was determined using X-ray Photoelectron 
Spectroscopy (XPS) technique. XPS analyses were done in a K-Alpha Thermo Scientific 
(ESCALAB™ XI+, East Grinstead, UK) spectrometer equipped with a 180° double-focusing 
hemispherical analyzer. The calibration of the peak positions was made with respect to the 
standard C1s peak (284.8 eV). Survey spectra were recorded at a pass energy of 50 eV to 
determine the surface elemental composition. High-resolution spectra for C1s, O1s and F1s 
binding energy regions were measured at pass energy of 20 eV in order to evaluate the 
elemental bonding states of the obtained PTFE/CA-GO-TiO2 composite membranes. The 
spectra acquisition and spectra processing were performed by using the advanced Avantage 
data software (Thermo Avantage v5 9921, East Grinstead, UK). 
IX.3 Structural and morphological characterization of nanocomposite materials based 
on cellulose acetate and graphene oxide and PTFE coating with TiO2 covered 

 Morphological investigations of CA-GO-TiO2-PTFE composite membranes SEM 
images of the active side of CA-GO-TiO2-PTFE composite membranes surface 
obtained for various GO concentration are shown in figure 95. 
The SEM micrographs for the initial CA-GO-TiO2 membranes surface reveal similar 

morphology for all investigated samples, with small nanometric pores present on the surface, 
regardless the amount of TiO2 covered GO in the samples (Figure 95, a - c). 
Still, with the increasing of graphene oxide concentration in the membranes chemical 
structure, a slight increasing of the apparent surface pore’s diameter is observed. Moreover, 
the membrane’s surface morphology changes from one with more compact aspect to one 
with more porous and aerated character. 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 95. SEM images (magnification 50000x) of the initial CA-GO membranes (a-c) 
with various TiO2 covered GO concentration on the side with small pores, and respectively of 

the composites membranes coated with 200 nm PTFE layer (d-f)  
After the layer deposition, the surface shows a granular morphology (Figure 95, d-f) 

for all investigated membranes samples suggesting the uniform and controlled magnetron 
deposition process. 

The surface apparent pores are almost completely covered, only very thin flowing 
channels are present on the active surface, which might ensure the wastewater transport 
along the pores on one hand and boosting the membranes integrity on the other hand.  
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The XPS survey spectra, presented in Figure 99, reveal that C and O are the main 
elements for the initial CA-GO support membranes, while for the PTFE-CA-GO composite 
membranes the surface is characterized by carbon and fluorine as major elements, with only 
few percents of oxygen as contaminant element, coming either from the plasma deposition 
process or as a consequence of surface contamination after air exposure. 

 
Figure 99. Comparative XPS spectra for the initial and PTFE coated CA-GO 

membranes: a) survey spectra and elemental concentration evidencing the modification of 
surface chemistry; b) C1s binding energy region and bonding identification; c) deconvolution 
of the initial CA GO membrane illustrating the specific peaks; d) deconvolution of the PTFE 

CA GO illustrating the formation of PTFE-like coating on membrane surface 
The comparative high-resolution spectra for initial support membrane and PTFE 

coated one, presented in Figure 99b, validate the transition from a surface based on C-O 
bonds to one based on C-F bonds and thus confirm the obtaining of composite membranes 
with different surface characteristics. 

The quantitative chemical bonding on the surface of the new composite membrane 
has been assessed by advanced processing of the high-resolution spectrum obtained for the 
initial and PTFE top coated CA-GO membranes. 

A typical C1s high-resolution spectra recorded for the CA-GO composite membranes 
is displayed in Figure 99c, including its deconvolution using four components, which are 
counting for both CA and GO, as follows: C-C bonds at 284.8 eV, C-O-C bonds at 286.3 eV, 
C=O bonds at 287.7 eV and O-C=O bonds at 289 eV. 

Similarly, evaluation of the chemical bonding on the surface of CA-GO/PTFE coated 
membranes was performed by the C1s spectrum high spectra deconvolution in five 
components, corresponding to: the CF3 bond at 294 eV with a contribution of 17%, CF2 bond 
at 292 eV with the most important contribution of 35%, CF bond at 290 eV with a contribution 
of 20%, C-CF bond at 288 eV and C-C at 285 eV with lower contribution of 16% and 12% 
respectively. 

Additionally, FTIR technique was realized in order to evaluate in bulk composition in 
comparison to the data provided on the membranes surface by the XPS investigations 
 

                                          

 

 
 
 
 
 
 

 
 

Figure 101. FTIR spectra of the CA-GO 2.0 wt.% composite membrane (blue line) and CA-
GO 2.0 wt.%/PTFE TFC membrane (red line). 
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The typical IR spectrum for cellulose acetate polymer is dominated by four narrow 
and strong absorption bands, typical for the compound, evidenced in blue color, as follows: 
the absorption band from 1046 cm-1 is assigned to C-O bonds contribution, the peak situated 
at 1230 cm-1 is associated with the C-O-C bond vibration, while the contributions of C=C and 
C=O bonds are revealed by the absorption bands from 1371 cm-1 and 1745 cm-1. 

PTFE fingerprint, as component of the thin film composite membranes, is evidenced 
by the specific absorption bands, highlighted in red color, as follows, the strong vibration at 
1227 cm-1 and the small shoulder at 1170 cm-1 are assigned to CF2 symmetric and 
asymmetric stretching bonds. Also, CF and CF3 bonds are superimposed to CF2 bonds 
contribution, chemical structure which is typical for plasma-based PTFE material.  

Additional peaks of PTFE top layer reveal the presence of CF3 vibration at 982 cm−1, 
while the small absorption peak at 1433 cm−1 is associated to CF2 combined asymmetric 
stretching and rocking deformations. The FTIR investigation corroborated with those 
obtained by XPS technique confirms the successful preparation of the CA-GO/PTFE thin 
films composite membranes. 
IX.4 Testing of obtained materials in the study of photocatalytic oxidation of 
azithromycin 

The results obtained from the photocatalytic degradation tests of azithromycin using 
the three functionalized photocatalytic membrane materials are presented in Figures             
102-104. 

For the photocatalytic membrane coated with PTFE with graphene oxide in 
percentage of 0.5%, the results are presented in Figure 102. 

 
 

 

 

 

Figure 102. Kinetics of the photocatalytic degradation of the organic content of the 
Azitrox formulation using the CA-GO 0.5%/PTFE photocatalytic membrane: a. COD values 
against time; b. ln(C0/C) against time illustrating pseudo-first-order photocatalytic reaction 

For the photocatalytic membrane coated with PTFE with graphene oxide in 
percentage of 1%, the results are presented in Figure 103. 

 

 

 

 

 

 

 

 

Figure 103. Kinetics of the photocatalytic degradation of the organic content of the 
Azitrox formulation using the CA-GO 1%/PTFE photocatalytic membrane: a. COD values 
against time; b. ln(C0/C) against time illustrating pseudo-first-order photocatalytic reaction 

For the photocatalytic membrane coated with PTFE with graphene oxide in 
percentage of 2%, the results are presented in Figure 104. 

 
 
 
 



Photo-oxidative degradation of organic compounds from wastewater 

 

38 

 

 

 

 

 

 

 

Figure 104. Kinetics of the photocatalytic degradation of the organic content of the 
Azitrox formulation using the CA-GO 1%/PTFE photocatalytic membrane: a. COD values 
against time; b. ln(C0/C) against time illustrating pseudo-first-order photocatalytic reaction 

As it can be seen, only a slight decrease in the concentration of organic material is 
noticed in the first 15 minutes of irradiation, after which its concentration remains almost 
unchanged. 

The kinetic study of the photocatalytic degradation of the organic material (figure 102 
b,; figure 103 b.; figure 104 b.) suggests that the degradation process is taking place in two 
stages with distinct rates. 

In the first stage (the first 15 minutes of irradiation) the degradation of the organic 
content takes place quickly, while in the second stage the degradation takes place slowly. It 
seems that, in the first stage of photocatalytic degradation, the organic excipients from 
Azitrox formulations such as sugar, hydroxypropyl cellulose, starch, are playing a significant 
role. 

These excipients can interact with the free radicals from the aqueous solution 
generated in the photocatalytic process by means of abstractable hydrogens from their 
molecule. In this way, they play the role of transfer agents of free radicals, protecting the 
active component (e.g. azithromycin in this case) from the pharmaceutical formulations 
against degradation. As soon as this protection disappears, the active component begins to 
degrade, and the rate is different. This could be the explanation why the organic content of 
the Azitrox formulation is degraded in two stages with different degradation rates. 

A similar kinetics can be observed for the other two membranes, the differences 
being the degradation rates of the organic content for each formulation of the membrane. 

The rate constants of the two degradation stages for each photocatalytic membrane 

are presented in Table 15. 

Table 15. Pseudo-first-order rate constants for the photocatalytic degradation of the 
organic content corresponding to the three types of photocatalytic membranes 

Pseudo-first- 
order rate constant (k) 

Photocatalytic membranes 

CA/GO 0.5% CA/GO 1% CA/GO 2% 

Degradation stage 

I II I II I II 

k, min-1 2.7×10-3 7.0×10-5 5.5×10-2 3.9×10-3 6.7×10-2 4.6×10-3 

As can be seen in the Table 15, that as the proportion of TiO2 covered graphene 
oxide in the photocatalytic membrane increases, the rate of degradation of the organic 
content increases in both steps of degradation. 

Thus, the rate constants of the photocatalytic degradation process of the organic 
content in the second stage (azithromycin) increases by almost two orders of magnitude from 
the PTFE coated membrane containing 0.5% GO (CA-GO 0.5%) to the PTFE coated 
membrane containing 1% GO (%), (CA-GO1%) and that containing 2% GO % (CA-GO-2%). 
More precisely, the photocatalytic reaction rate constants of the membranes with 1% GO and 
2% GO are 20 and respectively 24 times higher in the first stage, and 56 and respectively 66 
times in the second stage, as compared to the PTFE coated membrane with the lowest 
concentration (0.5%) of TiO2 covered GO in the composition. 
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IX.6 Partial conclusions 

A new type of photocatalytic membrane of thin film composite membranes designed 
from the classical phase inversion membrane based on cellulose acetate and including in 
bulk addition of TiO2 covered graphene oxide, with GO ranging 0.5%, 1%, 2% and on both 
surfaces thin films of polytetrafluorethylene-like deposited by magnetron sputtering. This 
approach allows the inclusion of photocatalytical active centers in the porous support while 
offering chemical and thermal robustness due to the PTFE layer, without significant 
modification of the membrane porosity. 

The results evidenced that the chemical composition, as revealed by XPS and FTIR 
techniques, is dominated by dominated in bulk by the carbon-oxygen bonds originating from 
CA and GO while the carbon-fluorine specific bonds are present on the surface upon PTFE 
coating. Microtomography and SEM images reveal a uniform aspect of the membranes 
regardless the GO amount and only slight modification of the porosity. 

The kinetic studies of the photocatalytic degradation process of the organic content of 
the Azitrox formulation indicates a degradation in two stages with different rates, among 
which we associate the second stage with the degradation of the active component 
contained in the Azitrox formulation, namely azithromycin. 

The degradation efficiency of the organic content of the Azitrox formulation increases 
significantly from 5% to 73% upon GO increase from 0.5% to 1%, while further increase of 
GO concentration to 2% conduct to its slight increase up to 80%. 

The obtained results indicate that an additional increase in GO amount added to the 
photocatalytic membrane would not necessarily lead to a significant improvement of the 
properties, as agglomeration and formation of defect centers may appear in membrane bulk 
and diminish the thermal resistance as well as the performances in the photocatalytic 
reactor. 
 
This chapter will be published as: Veronica SATULU, Andreea Madalina PANDELE, 
Giovanina-Iuliana LUPU, Liliana BOBIRICĂ, Anca BONCIU, Constantin BOBIRICĂ, Cristina 
ORBECI, Stefan Ioan VOICU, Bogdana MITU, Gheorghe DINESCU. Robust CA-GO-PTFE 
photocatalytic membranes for degradation of azithromycin from wastewaters. Process Safety 
and Environmental Protection, 2023  F.I. 10,8    
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Chapter X – General conclusions 

Advanced oxidation processes can be used to remove a wide range of organic and 
pharmaceutical compounds from wastewater due to their high oxidation capacity. Through 
various combinations of oxidants and catalysts, the oxidation potential can be significantly 
enhanced. 

Photocatalyst is one of the advanced and promising technologies for oxidation 
processes, having effective applications in several applications and industries, including 
wastewater treatment and purification. The appropriate choice of photocatalyst and the 
establishment of optimal operating conditions can lead to obtaining high rates of degradation 
of organic contaminants refractory to removal from wastewater.  

In chapter IV, the influence of the operating parameters on the photocatalytic 
oxidation of a phenolic compound (2,4-dichlorophenol) using a TiO2/stainless steel 
functionalized material was evaluated, resulting in the following conclusions: 

 operating parameters (pH of the working environment, initial organic compound 
concentration, optimal value of the hydrogen peroxide:2,4-dichlorophenol molar ratio) 
have a significantly high importance, so these parameters influence the efficiency of 
the photocatalytic degradation process of 2,4 -dichlorophenol; 

 the rate of photocatalytic degradation increases in acidic conditions                          
(pH = 3),leading to an increase of the degradation efficiency of 2,4-dichlorophenol; 
The results obtained indicated that there is an inversely proportional relationship 

between the rate of photocatalytic degradation and the initial concentration of organic 
compound, in this case 2,4-dichlorophenol. 

In Chapter V, the photocatalytic activity of two functionalized photocatalytic membrane 
materials, namely a TiO2/Ti-type membrane and a Co-doped TiO2/polymer membrane, was 
evaluated. The following conclusions can be drawn from this study: 

 The photocatalytic degradation efficiency of the two phenolic compounds                     
(4-chlorophenol and 2,4-dichlorophenol) was higher in the case of the Co-doped 
TiO2/polymer membrane than in the case of the TiO2/Ti membrane. 

 The photocatalytic degradation rate reached higher values in the case of 4-
chlorophenol than in the case of 2,4-dichlorophenol, depending on the photocatalytic 
membrane used; 

 The selection of the right photocatalyst and the establishment of optimal working 
conditions can lead to high values of photocatalytic degradation efficiencies of 
organic compounds, in this case, 4-chlorophenol and 2,4-dichlorophenol. 
In Chapter VI, a series of TiO2/fiberglass functionalized materials were synthesized, of 

type stratified network, type fabric and type mesh, by three different methods, with or without 
the existence of a subsequent treatment step. All these materials obtained were 
characterized from the structural and morphological point and were tested in the study of the 
photocatalytic oxidation of the organic content of azithromycin. The photocatalytic 
degradation of azithromycin was efficient, with values of up to 85% in the case of the 
TiO2/fiberglass functionalized materials type mesh (3C) material prepared by immersing the 
support material in a TiO2 solution. It can be stated that these functionalized materials have 
proven to be efficient in the study of the photocatalytic oxidation of azithromycin. 

In chapter VII, were prepared two TiO2/fiberglass functionalized materials type 
stratified network and TiO2 doped with Nb/fiberglass type stratified network. These materials 
were characterized structurally and morphologically to confirm the uniform deposition of TiO2 
on the surface of the inert fiberglass material.  

Photocatalytic degradation efficiencies were also evaluated, obtaining less 
satisfactory results (low values of photocatalytic degradation efficiencies). 

In Chapter VIII, three functionalized materials of type Nb dopped TiO2/fiberglass type 
mesh and Nb and Fe dopped TiO2/fiberglass type mesh (two Fe concentrations) were 
synthesized and characterized. The preparation of these materials took place in two stages, 
so in the first stage the photocatalysts were prepared, and in the second stage the 
functionalized materials of type photocatalytic membranes were prepared, using a rubber-
type silicone binder. The evaluation of the photocatalytic activity was carried out in the study 
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of the photocatalytic oxidation of azithromycin, obtaining average photocatalytic degradation 
efficiencies. 

Chapter IX aimed to obtain functionalized nanocomposite materials based on 
cellulose acetate and graphene oxide (three different amounts) coated with a thin layer of 
polytetrafluoroethylene with TiO2 embedded in the structure. These new functionalized 
materials were characterized structurally and morphologically, and the evaluation of the 
photocatalytic activity was carried out in the study of the photocatalytic oxidation of the 
antibiotic azithromycin. The photocatalytic degradation efficiencies of azithromycin reached 
values from 5% to 73%, these efficiencies being directly proportional to the amount of 
graphene oxide contained in each functionalized material (0.5%, 1%, 2% graphene oxide). 

The experimental research carried out has highlighted the obtaining of new 
functionalized materials with potential application in the photocatalytic degradation of organic 
compounds from wastewater. Through these original contributions and experimental 
research included in the PhD thesis, a new perspective has been developed regarding the 
obtaining of functionalized materials with potential for application in the degradation and 
elimination of organic compounds from wastewater. 
Original contributions and future development prospects 

The most important element of novelty is represented by the obtaining of new 
functionalized materials of type TiO2 doped with Nb/fiberglass type mesh and TiO2 doped 
with Nb and Fe/fiberglass type mesh using a commercial product of type 
polydimethylsiloxane as a binder, as well as the structural and morphological 
characterization of the materials obtained, but also the testing of these materials in the study 
of the photo-oxidative degradation of azithromycin. In the first stage, the photocatalysts (TiO2 
doped with Nb and TiO2 doped with Nb and Fe, with two different Fe concentrations) were 
synthesized, and then these photocatalysts were deposited on a glass fiber type mesh 
support material. The idea of using a commercial product of type polydimethylsiloxane is 
proprietary, resulting from attempts to create a functionalized material with high photo-
oxidative activity. 

Some new perspectives are listed below, namely: 
• the development of new types of photocatalysts and/or photocatalytic membranes for 

applications in advanced wastewater treatment processes with high content of 
organic compounds; 

• the identification of more efficient photocatalytic systems for the degradation of 
organic compounds that are difficult to biodegrade or non-biodegradable, used 
individually or combined. 
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