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 Pharmaceutical pollutants, present in waste, surface, and ground waters, constitute 
nowadays a serious hazard for human health, as well as a threat to the environment. It 
is therefore imperative to develop green methods for the treatment of these water 
bodies, in order to eliminate or at least transform these pollutants into less hazardous 
compounds. The goal of this dissertation was to develop new porphyrin based MOFs 
(Por-MOFs) capable of acting as photocatalysts in Advanced Oxidation Processes 

(AOPs) for the degradation of two pharmaceutical compounds: paracetamol and 17-
estradiol. AOPs have shown the capacity to oxidize most organic compounds, without 
forming hazardous secondary products, constituting a green method of wastewater 
treatment. Por-MOFs are a class of materials with a myriad of unique properties which 
has applications in multiple scientific and technological fields, including photocatalysis. 
In this project we developed two zirconium Por-MOFs based on tetrakis(4-
carboxyphenyl)porphyrin which were characterized by Powder X-Ray diffraction and 
then tested as (photo)catalysts in the oxidation of the aforementioned pharmaceuticals. 
The catalytic studies investigated the influence of parameters such as the load of 
catalyst, the effect of an oxidant agent and the pH. Results indicated that the oxidation 
of the pharmaceutical substrates was favoured in alkaline reaction medium. We also 
reported the preparation of tetra-pyridyl and tetra-S-pyridyl based MOFs, characterized 
by Powder X-Ray diffraction, for catalytic micro-wave assisted oxidation of secondary 
alcohols. Preliminary results showed that the hybrid materials have little chemical 
stability under the reaction conditions used, indicating the necessity for further 
investigation of optimum reactions conditions. 

1 Introduction 

1.1 Pharmaceuticals in aquatic 

environment 

The continuous technological and scientific 

advances the world as witness in recent decades, have 

allowed the existence of a wide range of 

pharmaceuticals used to treat many different types of 

medical conditions. Despite being an overwhelmingly 

positive aspect of modern society, it also represents an 

environmental problem since an increasing volume of 

pharmaceutical compounds is being detected in aquatic 

environments.1–3 Pharmaceutical compounds (PCs) are 

considered to be pseudopersistent organic pollutants as 

a result of their continuous discharge into the 

environment as well as how difficult their removal by 

common water treatment methods tends to be.3,4 

Despite being found in relatively low concentrations, 

usually from ng/L to µg/L, in both surface and 

wastewaters, as well as in groundwater, they can be 

harmful to both the environment and to human health.5–

11 Based on this it is possible to affirm that there is a 

necessity of treating surface, waste and groundwaters 

in order to transform these organic pollutants into less 

hazardous compounds or remove them completely from 

the aquatic environment. 

The array of conventional water treatment 

processes can be classified as primary, secondary, or 

tertiary (Figure 1.1). Primary treatments are based in 

physical separation processes designed to remove 

large sediments, heavier solids, oils, and greases. 

Secondary treatments consist of biological processes, 

capable of removing organic pollutants both soluble and 

insoluble. Tertiary treatments are essentially chemical 

processes with the goal of disinfecting water so it can 

be safely utilized for human consumption.12–14 The 

primary and secondary treatments are not ideal to 

remove or decompose PCs, whereas chemical 

processes are the most effective of the methods and 

chlorination is the most common, mainly due to its low 

cost. Advanced oxidation Processes (AOPs) represent 

an interesting alternative chemical treatment with 

tremendous potential for this application. 

 

 

Figure 1.1. Classification of Water Treatment Processes. 
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AOPs consist of chemical reactions capable of 

producing highly reactive oxidizing species, which have 

the capacity to oxidize and mineralize most organic 

compounds.15,16 There is a wide range of AOPs in 

existence that goes from ozone-based methods to UV-

based, as well as electrochemical, physical and 

catalytical AOPs.15 The treatment of organic wastewater 

is the main application of this type of process and, when 

compared to other methods, AOPs demonstrate 

advantages such as high efficiency of mineralization as 

well as the limited formation of secondary pollutants. 

Nevertheless, AOPs are not yet established as a 

treatment for large industrial scale due to its relative 

high costs.17,18 

Heterogeneous photocatalytic AOPs have been 

widely explored recently, in various applications.19 One 

method of photocatalysis consists of utilizing 

photosensitizers (PS) which absorb visible light and can 

react with molecular oxygen to form reactive oxygen 

species (ROS).20,21 The process starts by exposing the 

PS to irradiation, which will promote an electron to an 

excited energy level. From there, transference of 

electrons from the PS to molecular oxygen (Type I 

mechanism), or energy transfer from the PS to 

molecular oxygen upon collision between the two (Type 

II mechanism) can yield different ROS. This process is 

accurately described by the famous Jablonski Diagram 

(Figure 1.2).20,21 

This methodology has been widely explored in 

multiple applications, particularly in cancer 

photodynamic therapy (PDT).22 Furthermore, it is 

considered a green method of chemical wastewater 

treatment due to its capacity of oxidizing organic 

compounds without originating other hazardous sub 

products, as well as the fact that multiple PS can be 

activated with sunlight avoiding the use of UV-lamps 

which have much higher rates of energy 

consumption.12,21 

The preparation of efficient and inexpensive 

catalysts is utterly essential to the development of 

photocatalytic AOPs for wastewater treatment. 

Amongst the multiple possible PS that have been 

explored, porphyrins have been piquing the interest of  

 

 

 

 

 

 

 

 

 

 

 

the scientific community, due to their unique 

photochemical properties which can be easily 

manipulated.23 In addition, porphyrins can be 

immobilized on solid materials to form heterogeneous 

catalysts which conjugates their photochemical 

properties with the possibility of their reuse in multiple 

catalytic cycles. Porphyrins can be supported in 

materials such as zeolites or metal-organic frameworks 

(MOFs), to name a few.24 The latter of these two will be 

highlighted. 

 

1.2 Metal-Organic Frameworks (MOFs) 

MOFs are crystalline, porous materials formed by 

organic linkers coordinated with metal ions.25,26 The 

metallic centers and the organic linkers are considered 

to be the MOFs’ primary building units (PBU) and the 

number of possible combinations between these are 

nearly endless.27 As a consequence, it is possible to 

prepare MOFs with characteristics specifically useful for 

predetermined applications. This constitutes the 

primary motive which explains the exponential growth in 

interest for this class of materials in the last two 

decades. 

This class of materials has been significantly 

explored in multiple fields from gas storage and 

capture,28 luminescence,29 electrochemistry,30 

catalysis,31 or as metal corrosion inhibitors.32 With 

regards to photocatalysis, MOFs have attracted the 

scientific community’s attention, as of late, due to the 

possibility of combining the effects of adsorbent and 

photocatalyst in the removal of dyes and other organic 

contaminants from waste waters, including 

pharmaceutical compounds.33 

The preparation of a MOF is a complex process 

involving multiple pieces. The proper selection of the 

PBUs is of crucial importance. In addition, parameters 

such as the pressure, the temperature, the reaction 

time, and pH, all play an essential role in the synthesis 

of a MOF. Solvothermal synthesis is the default method 

of MOF preparation, with the majority of MOFs being 

prepared via this method. The procedure starts by 

preparing the reaction mixture with the PBUs as well as  

 

 

 

 

 

 

 

 

 

 
Figure 1.2. Modified Jablonski diagram, schematically demonstrating the mechanism of 

photocatalysis using a PS as catalyst.20,21 
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a solvent, hence, the name. The most commonly used 

solvents are water, and some organic solvents as for 

instance, N,N–dimethylformamide (DMF). The mixture 

is transferred to a closed system, usually an autoclave, 

and put in an oven for a predetermined period of time, 

often multiple days. The temperatures in this type of 

synthesis range between 80 and 250 ºC.30  

Amongst the multiple types of MOFs, porphyrin 

based MOFs (Por-MOFs) are a unique class of 

materials in which porphyrins are the organic PBU of the 

hybrid structure. The properties of a MOF are closely 

related to the organic PBU and porphyrins are 

fascinating organic molecules, who all share a core unit 

which consists of an aromatic macrocyclic ring 

composed by four modified pyrrole subunits linked 

together by four methine bridging groups (Figure 1.3).34 

They are pigments with crystalline and fluorescent 

character, which can be found in nature or synthesized 

in laboratorial settings.34 Furthermore, porphyrins have 

a wide range of properties that are not only incredibly 

compatible with MOF construction (as for instance their 

rigid molecular structure and large dimensions) but also 

confer the MOF with unique capabilities, as a 

consequence of their tunable substituents and 

metalation site in their core. 

 

 

Figure 1.3. The Porphyrin macrocycle. 

 

Por-MOFs have been explored in the fields of 

guest molecules adsorption, separation, and storage, 

as well as in the fields of nano-thin film, light harvesting, 

and catalysis.35 Por-MOFs are particularly interesting 

materials in photocatalytic applications since porphyrins 

and metalloporphyrins have great photocatalytic 

activity, as a consequence of their conjugated aromatic 

electron system.35 When these properties are combined 

with the MOFs’ typical high porosity and surface area, 

as well as the possibility of being reutilized in multiple 

catalytic cycles, it becomes simple to understand the 

growing interest surrounding this class of material for 

photocatalytic applications. 

Herein we report the synthesis of zirconium 

based Por-MOFs and the catalytic assays investigating 

their effectiveness as heterogeneous catalysts in AOPs 

for the photodegradation of pharmaceutical 

compounds. 

 

2 Synthesis of porphyrin based MOFs 

The main goal of this project was to synthesize 

new porphyrin-based zirconium MOFs in which the 

organic linkers would be the porphyrins 

H2TPPF16(SC2H4COOH)4 (1) and 

H2TPPF16(SC6H4COOH)4 (2) (Figure 2.1). Another 

objective was the synthesis of the previously reported 

PCN-222 which consists of a class of zirconium MOFs 

with porphyrin H2TPP(COOH)4 (3) or derivatives as the 

organic linkers. These materials would then be tested 

and compared as photocatalysts in the 

photodegradation of pharmaceutical compounds in 

water. For that reason, we started by synthesizing 1 and 

2 from the commercially available H2TPPF20 (4) 

porphyrin. 

The synthesis of porphyrins 1 and 2 consisted of 

the nucleophilic aromatic substitution of the four para-

fluorine atoms of porphyrin 4 by 3-mercaptoproprionic 

acid and 4-mercaptobenzoic acid, respectively. The 

experimental procedure utilized was adapted from 

Lourenço et al. (2014)36 (Scheme 2.1). Characterization 

of the obtained porphyrins was performed by 1H NMR, 

UV-Vis and mass spectroscopies, with results aligned 

with the literature. 36 

The synthesis of some zinc, manganese, and iron 

metalloporphyrins from the aforementioned free base 

porphyrins 1-3 was also attempted. From this work 

resulted two metalloporphyrins from 1 with zinc and 

iron, as well as two manganese metalloporphyrins from 

2 and 3, respectively. All metalloporphyrins prepared 

were characterized by UV-Vis and the results were in 

alignment with what can be found in the literature. 37,38 

 

 

Figure 2.1. Structures and designations of the 
porphyrins explored in this project. 

 

The preparation of MOFs consisted of a 

solvothermal method, in which the reaction mixture was 

left in a glass reactor with slow agitation. The reactions 

took place in an oil bath at temperatures ranging from 

120 to 140 ºC. Typically, solvothermal synthesis of 

MOFs is performed in autoclaves inside ovens, however 

it was decided to perform the reactions in glass 

reactors, in an oil bath, to easily follow the evolution of 

the reactions visually and decide when to finish them. 

The general procedure followed was adapted 

from Feng, D. et al. (2012)39 (Scheme 2.2). However, 

during the preparation of the different MOFs we faced 

multiple obstacles which were tackled by changing 
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experimental conditions such as the temperature or the 

duration of the reactions, the solvent and other 

reagents. Despite all these variables two things were 

deemed essential and were performed for every 

reaction. One of them was to assure that all the 

reactants were thoroughly dissolved before heating the 

reaction mixture. In order to accomplish this, all reaction 

mixtures were put in an ultrasonic bath for a few 

seconds prior to their heating. The other was to 

thoroughly wash the obtained solid after the reaction 

was finished with solvents which could dissolve the 

base porphyrin and metal salts. This way it was ensured 

that there would not be a mixture of porphyrin, salts, and 

MOF in the obtained solid. 

 

 

Scheme 2.1 

 

Two zirconium based MOFs were successfully 

obtained from porphyrin 3 and its manganese complex 

Mn(III)TPP(COOH)4, respectively designated 

H2TPP(COOH)4Zr4 and Mn(III)TPP(COOH)4Zr4. These 

materials were washed four times with ethanol, being 

centrifuged and decanted each time. The solids were 

then left in acetone for a night before finally being 

harvested with quantitative yields. 

Both the free base and Mn(III) solids (Figure 2.2 

and Figure 2.3, respectively) were characterized by 

Powder XRD and by UV- Vis spectroscopy. This data 

shows crystalline materials that kept the porphyrin’s 

absorption characteristics, which means the synthesis 

of these Por-MOFs was successful. 

 

Scheme 2.2 

 

a)

 
b)

 
 

Figure 2.2. a): Powder X-ray diffraction data of 
MOF H2TPP(COOH)4Zr4; b): . UV-Vis spectra of 
porphyrin H2TPP(COOH)4 (3) and its respective 

zirconium MOF, both in methanol. 

 

Unfortunately, it was not possible to come up with 

definitive procedures for the syntheses of MOFs based 

on porphyrins 1 and 2 nor on their metallic complexes. 

During the development of this project, it was 

possible to understand that the synthesis of MOFs, 

specially from large organic ligands, such as porphyrins, 

is incredibly complex with a wide range of variables 

being crucial to the success of the reaction, from 

temperature to time of reaction or even the acid utilized. 

However, an extensive range of attempts varying 

multiple reaction conditions could possibly result in 

more successful outcomes. 
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a)

 
 

b)

 
 
 

Figure 2.3. a): Powder X-ray diffraction data of 
MOF Mn(III)TPP(COOH)4Zr4; b): UV-Vis spectra of 

porphyrin Mn(III)TPP(COOH)4 and its respective 
zirconium MOF, both in methanol. 

 
3 Oxidation of pharmaceuticals by 

Advanced Oxidation Processes 

(AOPs) 

 

Pharmaceuticals such as paracetamol (PCM) and 

17-estradiol (E2) are fairly widespread in modern 

society and for that reason it is becoming increasingly 

common to find them in waste and surface waters 

alike.21,40–43 In addition, the accumulation of this type of 

pollutants in aquatic environment represents dangerous 

potential effects on both fauna and flora, as well as to 

human health. For those reasons, these two 

compounds were applied as models of pharmaceutical 

pollutants to test the activity of the synthetized 

porphyrins and zirconium Por-MOFs as catalysts for 

their photodegradation. The photooxidation of these  

 

 

 

 

 

 

 

pharmaceuticals was explored in batch mode. 

Prior to the photocatalytic studies, a singlet 

oxygen assay was performed using 1,3-

diphenyllisobenzofuran (DPBF) as a 1O2 scavenger. 

DPBF reacts with 1O2 and is oxidized to o-

dibenzoylbenzene (DBB) losing its characteristic yellow 

color and becoming colorless during the process. 

Furthermore, DPBF has its peak absorption at 

approximately 415 nm which means the depletion of 

DPBF can be followed by UV-Vis analysis by comparing 

its absorption before and after irradiation.21 

The results show that H2TPP(COOH)4 (3) has the 

capacity to generate 1O2 since in its presence, 

approximately 50% of DPBF was decomposed (Figure 

3.1). On the other hand, Mn(III)TPP(COOH)4 does not 

have the capacity to generate 1O2 based on the residual 

depletion of DPBF during the reaction in its presence. 

Regarding the MOFs, the results are in line with their 

respective base porphyrins. H2TPP(COOH)4Zr4 shows 

capacity to generate 1O2 albeit less than its base 

porphyrin, since during the same period and with a 

bigger concentration of catalyst the depletion of DPBF 

remained at approximately 34%. 

Mn(III)TPP(COOH)4Zr4 showed no capacity to generate 
1O2 as shown by the residual depletion of DPBF. 

 

3.1 Photooxidation of paracetamol 

The photooxidation of paracetamol was firstly 

tested with porphyrin H2TPP(COOH)4 (3). The studies 

consisted in a first assessment of whether or not the 

porphyrin was capable of oxidizing the medicinal 

substrate, followed by a study of potential degradation 

mechanisms as well as an investigation of the effect the 

solution’s pH has in the reaction. Once these studies 

were concluded the MOF catalyst H2TPP(COOH)4Zr4 

was tested, and the studies focused on finding optimum 

reaction conditions. 

To evaluate the photocatalytic performance of 

H2TPP(COOH)4 (3) in PCM oxidation, an aqueous 

solution of the later (130 µM) and the porphyrin (13 µM) 

was irradiated with white light (18 mW/cm2) for 50 

minutes and followed by UV-Vis spectroscopy (Figure 

3.2). After only five minutes, the degradation of PCM 

seemed complete and a subproduct, P1, was formed. 

P1 was also oxidized, after 15 minutes, into subproduct 

P2 which remained in solution for the remaining time of 

reaction. The results allowed the conclusion that 
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porphyrin H2TPP(COOH)4 is able to decompose PCM 

in aqueous solution under white light irradiation in just 5 

minutes and that two different sub products are formed 

during the first 50 minutes of reaction. 

 

a)

 

b)

 
 

Figure 3.2. UV-Vis spectra of the reaction mixture of paracetamol (130 µM) and H2TPP(COOH)4 (3) (13 
µM) (pH = 8.5) analyzed after predetermined periods of irradiation with white light (18 mW/cm2), for a): the 

first 30 minutes of irradiation; and b): the last 35 minutes of irradiation. 

 

The identification of subproducts P1 and P2 could 

potentially allow for the formulation of a PCM 

degradation mechanism. With that in mind, previously 

reported subproducts of photodegradation of PCM, 

benzoquinone, hydroquinone, p-aminophenol and p-

nitrophenol, were analyzed by UV-Vis spectroscopy.42,44 

The analysis indicated that both hydroquinone and p-

aminophenol were a possible match to P1. Subproduct 

P2 on the other hand, could not be matched with none 

of the analyzed compounds. With this information it was 

possible to infer two potential previously described 

reaction mechanisms, with the most likely match 

consisting in the oxidation of PCM to hydroquinone as 

a consequence of the attack of •OH radicals onto the 

aromatic ring of paracetamol in the para- position and 

subsequent elimination of the acetamide radical.45,46 

The sequence of oxidative reactions would continue 

originating simple dicarboxylic acids (Scheme 3.1). 

Despite this evaluation, without further studies of 

identification of intermediate and final subproducts of 

PCM’s degradation it is not possible to affirm with 

certainty what reaction mechanism takes place. 

 

Scheme 3.1 

 

The studies to evaluate the effect of the pH were 

conducted using Britton-Robson buffer solutions of 

appropriate values of pH to regulate the reaction 

mixtures’ pH. The values studied were 2.5, 5.5, 7.0, 8.9, 

9.5 and 11.0. Oxidation of PCM was only verified with 

alkaline solutions. Table 3.1 summarizes the main 

results of this study. 

Table 3.1. Values of pH before and after irradiation for 
each study, as well as the main results from each 
reaction. 

Initial 

pH 

Final 

pH 

Catalyst 

stability 

PCM 

degradation 

2.53 2.57 No No 

5.71 6.2 Yes No 

7.40 7.45 Yes No 

8.9 8.82 Yes Yes 

9.45 9.48 Yes Yes 

10.92 10.46 Yes Yes 

 

The study of photooxidation of paracetamol using 

the H2TPP(COOH)4Zr4 MOF consisted in multiple 

different experiments, in pursue of the optimum 

reactions conditions. Firstly, the effect of catalyst 

concentration was evaluated. Then, the addition of an 

oxidant agent was attested and finally the effect of pH 

in heterogeneous catalysis was also investigated.  

The results of the multiple reactions showed once 

again the importance of alkaline values of pH in the 

reaction mixture for the photo degradation of 

paracetamol with this catalyst. Catalyst loads of up to 

50% the molar amount of substrate with or without the 

effect of hydrogen peroxide showed to be incapable of 

oxidizing PCM. With reaction at pH = 8, however, 

oxidation of PCM was verified. Unfortunately, the MOF 

catalyst showed to lose its stability in these conditions 

since a small part of it was dissolved into its porphyrin 

precursor, hindering the possibility of recycling studies. 

 

3.2 Photooxidation of 17-estradiol 

The photocatalytic studies using 17-estradiol as 

substrate started by testing the catalytic activity of 
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porphyrin H2TPP(COOH)4, followed by testing the 

respective Por-MOF. Unlike the studies with PCM 

however, this time, the studies focused on a quantitative 

analysis of the oxidation of the substrate. For that, high 

performance liquid chromatography (HPLC) analysis 

was performed, in addition to following each reaction by 

UV-Vis spectroscopy.  

The photocatalytic performance of porphyrin 

H2TPP(COOH)4 (3) in the degradation of E2 was tested 

by irradiating with white light (18 mW/cm2), a reaction 

mixture consisting of both reagents dissolved in 

methanol, for 180 minutes. The reaction was controlled 

by UV-Vis spectroscopy and samples were analyzed at 

predetermined periods of time. The results show that 

after 30 minutes of irradiation, E2 is significantly 

oxidized given that its absorbance band is all but 

depleted. Additionally, subproducts of the degradation 

of E2 seem to be formed (Figure 3.3.a)). In order to 

follow the degradation of E2 over time, this reaction was 

repeated using shorter irradiation intervals, with 

samples being analyzed, both by UV-Vis spectroscopy 

and HPLC, every 5 minutes, for the first 45 minutes of 

the reaction. The HPLC analysis reveals that the period 

the solution was left in dark conditions resulted in a 

slight decrease in E2 concentration (only 5%). Once the 

solution was irradiated, photodegradation occurred, 

with approximately 45% of E2 being oxidized (Figure 

3.3.b)). 

For the exploration of the photocatalytic activity of 

the MOF catalyst H2TPP(COOH)4Zr4 in the oxidation of 

E2 multiple studies were performed, in search for the 

optimum reaction conditions, investigating the influence 

of the same parameters previously tested during the 

photocatalytic studies for PCM degradation. 

Once again, oxidation of the substrate was only 

verified in the reaction with pH = 8. The MOF catalyst 

was able to oxidize the substrate even if not completely. 

It is possible to see how after 180 minutes of irradiation, 

E2’s characteristic absorbance band loses its shape 

which indicates its photodegradation (Figure 3.4.a)). 

Moreover, HPLC results indicate that by the end of the 

reaction most of the substrate has been decomposed 

with a degradation of E2 up to 83% (Figure 3.4.b)). It is 

also possible to verify that before the start of the 

irradiation, the concentration of the substrate in the 

solution has dropped approximately 42%. This can be 

explained by adsorption of the E2 by the MOF catalyst. 

This result is on pair with previous studies of 

heterogeneous photooxidation of E2 with MOFs.21,41,47 

 

a)

 

b)

 
 

Figure 3.3. a): UV-Vis spectra of the reaction mixture of E2 (147 µM) and H2TPP(COOH)4 (3) (14.7 µM) 
under white light irradiation (18 mW/cm2), for 180 minutes; b): Evolution of the concentration of E2 in the 

reaction mixture over time. 

 

a)

 

b)

 
 

Figure 3.4. a): UV-Vis spectra of the reaction mixture of E2 (147 µM) and H2TPP(COOH)4Zr4 (73.5 µM) 
(pH ~ 8) under white light irradiation (18 mW/cm2), for 180 minutes; b): Evolution of E2 concentration in the 

reaction mixture over time. 
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3.3 Oxidation of pharmaceuticals in dark 

conditions 

 

Since the manganese porphyrin and respective 

Por-MOF revealed to be incapable of producing singlet 

oxygen during our assays, these catalysts were tested 

in the absence of light and in the presence of an oxidant 

agent, in this case hydrogen peroxide.  

The procedure consisted in adding the catalyst 

and the oxidant to the aqueous solution of PCM (130 

µM, 20 ppm) and to the solution of E2 (147 µM, 40 ppm) 

in methanol. The reaction solution would then be left in 

the dark with stirring and samples would be analyzed by 

UV-Vis spectroscopy in pre-determined intervals. The 

reaction mixtures had a catalyst/substrate molar ratio of 

0.1 for the stock solution (the same solution utilized in 

the photocatalytic studies) of porphyrin 

Mn(III)TPP(COOH)4 and of 0.5 for the MOF 

Mn(III)TPP(COOH)4Zr4. As per hydrogen peroxide the 

oxidant/substrate molar ratio was 10. 

The results of the reactions with the porphyrin 

as catalyst show that under the described conditions the 

porphyrin is oxidized, and the substrate is not. This can 

be concluded based on the fact that while the 

absorbance band of the pharmaceutical substrates 

suffered no significant decrease, the Soret Band, 

characteristic of the porphyrin, suffered a very 

significant decrease over time (Figure 3.5). 

The reactions utilizing the Por-MOF as 

heterogeneous catalyst showed the latter’s stability 

under the reaction conditions. However, it is also 

possible to conclude that under the tested reaction 

conditions the catalyst was not able to oxidize neither 

PCM nor E2 (Figure 3.6). These results were 

somewhat unexpected. Despite not being able to 

generate singlet oxygen, manganese metalloporphyrins 

have shown catalytic activity in dark conditions in 

previous reported work.31,48 This leads us to believe that 

the conditions under which the reactions were 

conducted were not ideal for the degradation of the 

pollutants. 

 

a)

 

b)

 
 

Figure 3.5. UV-Vis spectra of the reaction mixture of Mn(III)TPP(COOH)4 (molar ratio catalyst/substrate = 
0.1) and H2O2 (molar ratio oxidant/substrate = 10) and a): PCM (130 µM, 20 ppm), b): E2 (40 ppm, 147 

µM). The reactions were left in the dark with stirring for 180 min. 

 

 

a)

 

b)

 
 

Figure 3.6. UV-Vis spectra of the reaction mixture of Mn(III)TPP(COOH)4Zr4 (molar ratio catalyst/substrate 
= 0.5) and H2O2 (molar ratio oxidant/substrate = 10) and a): PCM (130 µM, 20 ppm), b): E2 (40 ppm, 147 

µM). The reactions were left in the dark with stirring for 80 min. 
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4 Tetra-pyridyl and tetra-S-pyridyl 

porphyrin based MOFs as catalysts 

for micro-wave assisted oxidation of 

secondary alcohols 

 

While developing the previously described 

materials and performing the catalytic studies which 

constituted the main focus of this dissertation, tetra-

pyridyl and tetra-S-pyridyl based MOFs were also 

prepared with the goal of complementing a different 

project. The intent of this project was to develop 

porphyrin based MOFs which could then be utilized as 

catalysts for micro-wave assisted oxidation of 

secondary alcohols. 

The goal was to develop mixed and single metal 

Por-MOFs with copper and zinc from the base 

porphyrins 5,10,15,20-tetrakis(4-pyridyl)porphyrin 

(H2TPyP, 5) and 5,10,15,20-tetrakis[2,3,5,6-tetrafluoro-

4-(4-pyridylsulfanyl)phenyl]porphyrin (H2TPPF16(SPy)4, 

6) (Figure 4.1). 

 

 

Figure 4.1. Structure and designation of the 
porphyrins explored in this section 

 

From the multiple attempts were yielded the 

copper-copper MOFs CuTPyPCu4 and 

CuTPPF16(Spy)4Cu4. The synthesizes of these MOFs 

was performed via the same solvothermal method 

applied to the preparation of the H2TPP(COOH)4 based 

MOFs, with the general procedure being adapted from 

Castro, Kelly et al. (2017)49 (Scheme 4.1). 

 

Scheme 4.1 

The materials were obtained with satisfactory 

yields and after being thoroughly washed and dried 

were characterized by Powder-XRD (Figure 4.2 and 

Figure 4.3). The analysis showed the materials had 

crystalline character, which indicates the success of the 

synthesis. 

 

Figure 4.2. Powder X-ray diffraction data of MOF 

CuTPyPCu4 

 

Figure 4.3. Powder X-ray diffraction data of MOF 

CuTPPF16(Spy)4Cu4. 

It was not possible to obtain mixed metal Por-

MOFs despite multiple attempts at obtaining such 

materials from both porphyrins. We believed this is 

related with the known difficulty of Por-MOFs to retain 

their structure upon solvent removal. This was probably 

originated due to the thorough washing of the materials 

with a solvent in which the porphyrin precursor was very 

soluble. With the intent of avoiding the problem of 

possible mixtures between the MOF and unreacted 

porphyrin in the final powder, a different problem might 

have been inadvertently created. Furthermore, zinc 

based secondary building units are more labile, which 

directly contributes to the fact that the zinc based MOFs 

are significantly more prone to lose their structural 

integrity and collapse upon solvent removal. 

 

5 Conclusion and Outlook 

Unfortunately, it was not possible to find 

reproducible synthetic pathways to prepare MOFs 

based on porphyrins H2TPPF16(SC2H4COOH)4 and 

H2TPPF16(SC6H4COOH)4, which could originate novel 

MOFs useful in a myriad of applications, including 

photocatalysis. However, two MOFs from the free base 

porphyrin H2TPP(COOH)4 were reproduced with 

success.  
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Furthermore, the capacity of the aforementioned 

free base porphyrin and its respective MOF to oxidize 

both PCM and E2 was demonstrated. However, 

optimum reaction conditions were not found in the case 

of the heterogeneous study which meant that the MOF’s 

activity over multiple catalytic cycles was not evaluated. 

This is something worth further exploration since this is 

the main feature of a MOF which qualifies its 

sustainability as a catalyst at industrial scale. 

The manganese materials had negative results in 

all the catalytic studies in which they were utilized. As 

previously mentioned, this is an unexpected result and 

is likely due to the fact that the manganese ion was 

probably not available as an active site, plus the 

reaction conditions can certainly be improved as well. 

Finally, two copper based MOFs were prepared 

from porphyrins H2TPyP and H2TPPF16(SPy)4. The 

materials were obtained with satisfactory yields and 

their catalytic ability will be tested in another project. 

 

6 References 

1. Boreen, A. L., Arnold, W. A. & McNeill, K. Photodegradation of 
pharmaceuticals in the aquatic environment: A review. Aquat. Sci. 
65, 320–341 (2003). 

2. Jones, O. A. H., Voulvoulis, N. & Lester, J. N. Human 
pharmaceuticals in wastewater treatment processes. Crit. Rev. 
Environ. Sci. Technol. 35, 401–427 (2005). 

3. Ebele, A. J., Abou-Elwafa Abdallah, M. & Harrad, S. 
Pharmaceuticals and personal care products (PPCPs) in the 
freshwater aquatic environment. Emerg. Contam. 3, 1–16 (2017). 

4. Richmond, E. K. et al. Pharmaceuticals and personal care 
products (PPCPs) are ecological disrupting compounds (EcoDC). 
Elementa 5, (2017). 

5. Sui, Q. et al. Occurrence, sources and fate of pharmaceuticals 
and personal care products in the groundwater: A review. Emerg. 
Contam. 1, 14–24 (2015). 

6. Gheorghe, S., Petre, J., Lucaciu, I., Stoica, C. & Nita-Lazar, M. 
Risk screening of pharmaceutical compounds in Romanian 
aquatic environment. Environ. Monit. Assess. 188, (2016). 

7. Fent, K., Weston, A. A. & Caminada, D. Ecotoxicology of human 
pharmaceuticals. Aquat. Toxicol. 76, 122–159 (2006). 

8. Pal, P. Treatment and Disposal of Pharmaceutical Wastewater: 
Toward the Sustainable Strategy. Sep. Purif. Rev. 47, 179–198 
(2018). 

9. Michael, I. et al. Urban wastewater treatment plants as hotspots 
for the release of antibiotics in the environment: A review. Water 
Res. 47, 957–995 (2013). 

10. Schwartz, T., Kohnen, W., Jansen, B. & Obst, U. 2003 Fems 
Schwartz Et Al Detection of Antibiotic Resistant Bacteria and Their 
Resistance Genes in Wastewater, Surface Water and Drinking 
Water Biofilms.Pdf. FEMS Microbiol. Ecol. 43, 325–335 (2003). 

11. Kümmerer, K. Antibiotics in the aquatic environment - A review - 
Part I. Chemosphere 75, 417–434 (2009). 

12. Bartolomeu, M., Neves, M. G. P. M. S., Faustino, M. A. F. & 
Almeida, A. Wastewater chemical contaminants: remediation by 
advanced oxidation processes. Photochem. Photobiol. Sci. 17, 
1573–1598 (2018). 

13. Pei, M. et al. State of the art of tertiary treatment technologies for 
controlling antibiotic resistance in wastewater treatment plants. 
Environ. Int. 131, 105026 (2019). 

14. Gupta, V. K., Ali, I., Saleh, T. A., Nayak, A. & Agarwal, S. 
Chemical treatment technologies for waste-water recycling - An 
overview. RSC Adv. 2, 6380–6388 (2012). 

15. Miklos, D. B. et al. Evaluation of advanced oxidation processes for 
water and wastewater treatment – A critical review. Water Res. 
139, 118–131 (2018). 

16. Dewil, R., Mantzavinos, D., Poulios, I. & Rodrigo, M. A. New 
perspectives for Advanced Oxidation Processes. J. Environ. 
Manage. 195, 93–99 (2017). 

17. Ma, D. et al. Critical review of advanced oxidation processes in 
organic wastewater treatment. Chemosphere 275, (2021). 

18. Xu, Y. et al. Advances in technologies for pharmaceuticals and 
personal care products removal. J. Mater. Chem. A 5, 12001–
12014 (2017). 

19. Ibhadon, A. O. & Fitzpatrick, P. Heterogeneous photocatalysis: 
Recent advances and applications. Catalysts 3, 189–218 (2013). 

20. Oppenländer, T. Photochemical Purification of Water and Air: 
Advanced Oxidation Processes (AOPs) - Principles, Reaction 
Mechanisms, Reactor Concepts. (2003 Wiley‐VCH Verlag GmbH 
& Co. KGaA, 2002). 

21. Fernández, L. et al. Nanomagnet-photosensitizer hybrid materials 
for the degradation of 17β-estradiol in batch and flow modes. Dye. 
Pigment. 142, 535–543 (2017). 

22. Huang, H., Song, W., Rieffel, J. & Lovell, J. F. Emerging 
applications of porphyrins in photomedicine. 3, 1–15 (2015). 

23. DeRosa, M. C. & Crutchley, R. J. Photosensitized singlet oxygen 
and its applications. Coord. Chem. Rev. 233–234, 351–371 
(2002). 

24. Silvestri, S., Fajardo, A. R. & Iglesias, B. A. Supported porphyrins 
for the photocatalytic degradation of organic contaminants in 
water: a review. Environmental Chemistry Letters (Springer 
International Publishing, 2021). 

25. Furukawa, H. et al. Ultrahigh porosity in metal-organic 
frameworks. Science (80-. ). 329, 424–428 (2010). 

26. Batten, S. R. et al. Terminology of metal-organic frameworks and 
coordination polymers (IUPAC recommendations 2013). Pure 
Appl. Chem. 85, 1715–1724 (2013). 

27. Paz, F. A. A. et al. Ligand design for functional metal–organic 
frameworks. Chem. Soc. Rev. 41, 1088–1110 (2012). 

28. Li, B., Wen, H., Zhou, W. & Chen, B. Porous Metal − Organic 
Frameworks for Gas Storage and Separation: What, How, and 
Why? J. Phys. Chem. Lett. 5, 3468–3479 (2014). 

29. Harbuzaru, B. V. et al. A miniaturized linear ph sensor based on a 
highly photoluminescent self-assembled Europium(III) metal-
organic framework. Angew. Chemie - Int. Ed. 48, 6476–6479 
(2009). 

30. Silva, P., Vilela, S. M. F., Tomé, J. P. C. & Almeida Paz, F. A. 
Multifunctional metal-organic frameworks: From academia to 
industrial applications. Chem. Soc. Rev. 44, 6774–6803 (2015). 

31. Corma, A., García, H. & Llabrés I Xamena, F. X. Engineering 
metal organic frameworks for heterogeneous catalysis. Chem. 
Rev. 110, 4606–4655 (2010). 

32. Mesbah, A., Jacques, S., Rocca, E., François, M. & Steinmetz, J. 
Compact metal-organic frameworks for anti-corrosion applications: 
New binary linear saturated carboxylates of zinc. Eur. J. Inorg. 
Chem. 1315–1321 (2011). 

33. Gautam, S. et al. Metal oxides and metal organic frameworks for 
the photocatalytic degradation: A review. J. Environ. Chem. Eng. 
8, 103726 (2020). 

34. Milgrom, L. R. The colours of life — an introduction to the 
chemistry of porphyrins and related compounds. vol. 22 (Oxford 
University Press Inc., 1997). 

35. Gao, W. Y., Chrzanowski, M. & Ma, S. Metal-metalloporphyrin 
frameworks: A resurging class of functional materials. Chem. Soc. 
Rev. 43, 5841–5866 (2014). 

36. Lourenço, L. M. O. et al. Synthesis , characterization and 
electrochemical properties of meso -thiocarboxylate-substituted 
porphyrin derivatives. J. Porphyrins Phtalocyanines 18, 967–974 
(2014). 

37. Castro, K. A. D. D. F. et al. Synthesis of new metalloporphyrin 
derivatives from [5,10,15,20-tetrakis (pentafluorophenyl)porphyrin] 
and 4-mercaptobenzoic acid for homogeneous and 
heterogeneous catalysis. Appl. Catal. A Gen. 503, 9–19 (2015). 

38. Xu, Q. et al. Manganese porphyrin-based metal-organic 
framework for synergistic sonodynamic therapy and ferroptosis in 
hypoxic tumors. Theranostics 11, 1937–1952 (2021). 

39. Feng, D. et al. Zirconium-metalloporphyrin PCN-222: Mesoporous 
metal-organic frameworks with ultrahigh stability as biomimetic 
catalysts. Angew. Chemie - Int. Ed. 51, 10307–10310 (2012). 

40. Mboula, V. M. et al. Photocatalytic degradation of estradiol under 
simulated solar light and assessment of estrogenic activity. Appl. 
Catal. B Environ. 162, 437–444 (2015). 

41. Mai, J., Sun, W., Xiong, L., Liu, Y. & Ni, J. Titanium dioxide 
mediated photocatalytic degradation of 17β-estradiol in aqueous 
solution. Chemosphere 73, 600–606 (2008). 

42. Moctezuma, E., Leyva, E., Aguilar, C. A., Luna, R. A. & Montalvo, 
C. Photocatalytic degradation of paracetamol : Intermediates and 
total reaction mechanism. J. Hazard. Mater. 243, 130–138 (2012). 

43. Yang, L., Yu, L. E. & Ray, M. B. Degradation of paracetamol in 
aqueous solutions by TiO2 photocatalysis. Water Res. 42, 3480–
3488 (2008). 

44. Jallouli, N., Elghniji, K., Trabelsi, H. & Ksibi, M. Photocatalytic 
degradation of paracetamol on TiO2 nanoparticles and 
TiO2/cellulosic fiber under UV and sunlight irradiation. Arab. J. 
Chem. 10, 3640–3645 (2017). 

45. Dalmázio, I., Alves, T. M. A. & Augusti, R. An Appraisal on the 
Degradation of Paracetamol by TiO 2 /UV System in Aqueous 
Medium. Product Identification by Gas Chromatography-Mass 
Spectrometry (GC-MS). J. Braz. Chem. Soc. 19, 81–88 (2008). 

46. Vogna, D., Marotta, R., Napolitano, A. & Ischia, M. Advanced 
Oxidation Chemistry of Paracetamol. UV/H2O2-Induced 
Hydroxylation/Degradation Pathways and 15 N-Aided Inventory of 
Nitrogenous Breakdown Products. J. Org. Chem. 67, 6143–6151 
(2002). 

47. Ohko, Y. et al. 17β-estradiol degradation by TiO2 photocatalysis 
as a means of reducing estrogenic activity. Environ. Sci. Technol. 
36, 4175–4181 (2002). 

48. Piccirillo, G. et al. Supported metalloporphyrins as reusable 
catalysts for the degradation of antibiotics: Synthesis, 
characterization, activity and ecotoxicity studies. Appl. Catal. B 
Environ. 282, (2021). 

49. Ohmura, T., Usuki, A., Fukumori, K., Ohta, T. & Ito, M. New 
Porphyrin-Based Metal−Organic Framework with High Porosity: 2-
D Infinite 22.2-Å Square-Grid Coordination Network. Inorg. Chem. 
45, 1–3 (2010). 

 


