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Abstract 

 

The research presented in this PhD thesis aims to contribute with two strategies 

for the remediation and/or prevention of antibiotics’ environmental accumulation. The 

first, “a posteriori”, was focused on the development of new catalytic materials for 

aqueous catalytic and photocatalytic antibiotics oxidation, while the second, “a priori”, 

was centred on finding new pharmaceutical multicomponent solid -forms with lower 

antibiotic loads, for potential reduction in human intake. 

In Chapter 1, the problem is outlined, particularly on the use of antibiotics, their 

accumulation in water and development of antimicrobial resistance. Emphasis on 

Advanced Oxidation Processes (AOPs), particularly with a critical state of the art review 

on the use of porphyrins as valid alternatives in the catalyzed antibiotics’ oxidation is 

given. Finally, the development of new pharmaceutical multicomponent solid forms that 

may be key to improve the existing active pharmaceutical ingredients’ properties is also 

presented. 

After contextualization on the studied antibiotics, Chapter 2 is divided in two main 

parts: the first begins with a preliminary evaluation of metalloporphyrin catalytic 

properties in which the Mn(III) meso-tetra(2,6-dichloro-3-sulfonyl-phenyl)porphyrin (7) 

showed the best catalytic performance, reaching 95% of TMP oxidation in 150 min at 

room temperature. Hence, this catalyst was covalently immobilized onto MNPs (14) and 

3-aminopropyl functionalized silica (16) and fully characterized by standard solid-state 

techniques. Then, after the implementation in TMP degradation using H2O2 as oxidant, 

16 showed a 95% of TMP degradation and 24% of total organic carbon (TOC) release  in 

150 min at room temperature using a TMP:Cat ratio = 500:1. Additionally, 7 degradation 

products were identified, a possible degradation pathway was proposed and the catalyst 

was recovered and reutilized in 5 cycles with no loss of activity and no leaching. Finally, 

the ecotoxicity of the initial TMP and the resulting products’ solutions was evaluated, 

both showing similar toxicity. 

The second part of Chapter 2 describes TMP photodegradation, performed in a 

photoreactor (400 W medium pressure Hg lamp). A new hybrid photo-nanomaterial was 

developed by incorporating meso-tetra(2,6-dichlorophenyl)porphyrin (6) into acetylated 

lignin, characterized by UV-Vis and TEM and then, applied in the TMP, 

sulfamethoxazole and cotrimoxazole photodegradation. A complete photooxidation of 
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each substrate was obtained using a 500:1 AB:Cat ratio and after 4 h, 20 min and 2h, 

respectively, achieved 75%, 83% and 79% of TOC removal. No loss of activity or 

photocatalyst leaching was found after 10 reutilization cycles in both cases. Only two 

photodegradation products (PPs) were identified for the TMP degradation. Finally, the E. 

coli resistance to TMP was determined after 10 days, resulting in a 1000-fold increase in 

the TMP minimum inhibitory concentration (MIC) while, after the exposure to PPs 

solution, no development of resistance was observed, validating the efficiency of the 

developed photodegradation process. 

Chapter 3 was focused on the upstream approach, involving the development of 

new TMP-based multicomponent solid-forms to improve TMP performance. Acceptable 

co-formers and other active pharmaceutical ingredients were selected, with potential to 

improve either TMP aqueous solubility/dissolution rate or its antibacterial properties. 

Screening/development of the TMP-based multicomponent solid-forms was performed 

using a green mechanochemical approach, assisted by ethanol. Four new (1:1) TMP salts 

were identified, with picolinic, salicylic, nicotinic (NIC) and ibuprofen acids, and eutectic 

forming systems with paracetamol (PARA), curcumin (CURC) and ciprofloxacin (CIP), 

which with eutectic compositions were determined. Dissolution rate tests were carried 

out, showing 25% enhancement of TMP dissolution rate when using TMP-NIC and a 

statistically significant 5% increase with the TMP-PARA eutectic mixture, always against 

pure TMP. Then, the E. coli and S. aureus susceptibility was evaluated against selected 

multicomponent solid-forms. The association with CURC in the eutectic composition 

exhibited a statistically significant decrease in the TMP MIC value (from 0.98 to ~ 0.36 

µg mL-1) for E. coli, whereas an increase (from ~ 2.54 to ~ 5.73 µg mL-1) was found when 

tested against S. aureus. Finally, the E. coli susceptibility was also evaluated for TMP 

and CIP, individually, for an equimolar mixture and for the estimated eutectic 

composition, 𝑥TMP = 0.85. A decrease in MIC was observed in both cases, demonstrating 

the benefits of associating two antibiotics with different mechanism of action, 

representing a possible clinical solution for antibacterial activity improvement. 

In Chapter 4, the instrumentation, the experimental procedures and the full 

characterization of synthesized compounds and materials as well as the biological assays 

are described. 

 

Keywords: antibiotic degradation, trimethoprim, homo/heterogeneous catalysis, metal-

pyrrolic macrocycles, magnetic nanohybrids, multicomponent solid-forms. 
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Resumo 

 

Esta dissertação de doutoramento centra-se em duas estratégias para a remediação 

e prevenção da acumulação de antibióticos (AB) no meio ambiente. A primeira, “a 

posteriori”, baseia-se no desenvolvimento de novos catalisadores, para a oxidação 

catalítica e fotocatalítica de antibióticos em água, enquanto que a segunda, “a priori”, 

centra-se na descoberta de novas formas sólidas farmacêuticas multicomponente com 

quantidade menores do antibiótico, de forma a reduzir a quantidade mássica do mesmo 

(dose). 

No Capítulo 1 apresenta-se o problema dos antibióticos, da sua acumulação 

ambiental e o desenvolvimento da resistência antimicrobiana. Enfatizam-se os Processos 

de Oxidação Avançada, com uma análise crítica da literatura relativa ao uso de porfirinas 

como uma alternativa na oxidação catalítica de antibióticos. Por fim, é apresentado o 

desenvolvimento de novas formas sólidas farmacêuticas multicomponente como chave 

para melhorar as propriedades dos ativos farmacêuticos (API) existentes. 

Após contextualização dos antibióticos selecionados, o Capítulo 2 é dividido em 

duas partes: primeiro avaliaram-se as propriedades catalíticas de metaloporfirinas, sendo 

a porfirina de manganês tetra-diclorofenil sulfonada (7) a mais eficaz, alcançando 95% 

de TMP oxidado em 150 min, à temperatura ambiente. Assim, este catalisador foi 

covalentemente imobilizado em nanopartículas magnéticas (14) e sílica funcionalizada 

(16), e os materiais resultantes caracterizados por técnicas de estado sólido. Após 

implementação na degradação de TMP usando H2O2 como oxidante, 16 permitiu obter 

95% de degradação do TMP e 24% de libertação de carbono orgânico total (TOC) em 

150 min à temperatura ambiente com TMP:Cat=500:1. Sete produtos de degradação 

foram identificados, uma possível via de degradação foi proposta e o catalisador foi 

recuperado e reutilizado em 5 ciclos sem perda significativa de atividade nem lixiviação. 

Por fim, a ecotoxicidade da solução do TMP inicial e dos produtos resultantes foi avaliada 

apresentando estes toxicidade semelhante. 

A segunda parte do Capítulo 2 descreve a fotooxidação do TMP, utilizando um 

fotoreator (lâmpada de Hg de média pressão 400 W). Um novo fotomaterial híbrido foi 

sintetizado incorporando a porfirina meso-tetra(2,6-diclorofenil) (6) na lignina acetilada 

e caracterizado através UV-Vis e TEM, sendo implementado na fotodegradação de TMP, 

sulfametoxazol and cotrimoxazol. A fotodegradação de cada substrato foi obtida 
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utilizando uma relação AB:catalisador de 500:1 após 4 h, 20 min e 2 h, respetivamente, 

com 75%, 83% e 79% de remoção de TOC. Nenhuma perda significativa nem lixiviação 

foi detectada após 10 ciclos de reutilização em ambos os casos. Além disso, apenas dois 

produtos de fotodegradação (PPs) foram detetados para o TMP. Foi então avaliada a 

resistência de E.coli ao TMP ao longo de 10 dias, resultando num aumento da 

concentração mínima inibitória (MIC) do TMP em 1000 vezes. Após exposição à solução 

de PPs, não foi desenvolvida resistência, validando a eficiência do processo de 

fotodegradação. 

No Capítulo 3 é descrita a abordagem “a priori”, envolvendo o desenvolvimento 

de novas formas sólidas multicomponente baseadas em TMP para melhorar o 

desempenho do mesmo. Co-formadores apropriados e outros API foram selecionados 

com potencial para aumentar a solubilidade aquosa/velocidade de dissolução (VD) do 

TMP ou as suas propriedades antibacterianas. A triagem/desenvolvimento das formas 

sólidas multicomponente foi realizada usando uma abordagem mecanoquímica verde, 

assistida por etanol. Foram identificados 4 novos sais de TMP (1:1), com ácidos 

picolínico, salicílico, nicotínico (NIC) e ibuprofeno e sistemas com formação de 

eutécticos com paracetamol (PARA), curcumina (CURC) e ciprofloxacina (CIP), para os 

quais foram determinadas as composições eutécticas. Foi determinada a VD, verificando-

se um aumento de 25% na VD do TMP ao usar o TMP-NIC e um aumento 

estatisticamente significativo de 5% com a mistura eutéctica TMP-PARA, ambos em 

comparação com o TMP. De seguida, a suscetibilidade da E. coli e S. aureus foi avaliada 

usando formas sólidas multicomponente selecionadas. Para a mistura TMP-CURC, uma 

diminução estatisticamente significativa do valor da MIC do TMP (de 0.98 a ~ 0.36 µg 

mL-1) foi determinada em E. coli, enquanto para S. aureus este valor aumentou de 3.54 a 

~ 5.73 µg mL-1. Por fim, foi avaliada a suscetibilidade de E. coli ao TMP e à CIP 

individualmente, numa mistura equimolar e usando a composição estimada para o 

eutéctico, 𝑥TMP = 0,85. Uma diminução na MIC para ambos os casos foi observada, 

demonstrando os benefícios da associação de dois antibióticos com mecanismos de ação 

diferentes, sendo esta uma possível solução clínica para uma melhoria da atividade 

antibacteriana. 

No Capítulo 4, encontram-se descritas as técnicas, instrumentação e 

procedimentos experimentais seguidos e a completa caracterização de todos os materiais 

e produtos, assim como os respetivos estudos microbiológicos efetuados. 
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Palavras-chave: Degradação de antibióticos, catálise homogénea/heterogénea, 

anohídros magnéticos, macrociclos metalo-pirrólicos, sólidos multicomponente.  
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Abbreviations and Symbols 

 

[M]+ Molecular ion 

[M+H]+ Protonated molecular ion 

% w/v Weight by volume percent 

% w/w Weight by weight percent 

β Heating rate 

2θ Angle between the incident and reflected ray 

δ Chemical shift 

ΔHex Excess enthalpy of an undercooled melt made up of the 
components 

ΔfusH Enthalpy of fusion 

∆fus𝐻 
∗ Experimental enthalpy of fusion of the pure compound 

ΔpKa Difference between the negative base-10 logarithm of the base 
dissociation constant (Kb) and the acid dissociation constant 
(Ka) 

ε Molar absorption coefficient 

λ Wavelength 

µg Micrograms 

ν Stretching frequency 

ΦF Fluorescence quantum yield 

1H-NMR Proton nuclear magnetic resonance  

13C-NMR Carbon 13 nuclear magnetic resonance 

1O2 Singlet oxygen 

·O2
- Superoxide anion  

·OH Hydroxyl radical  

AB Antibiotic 

Abs Absorbance 

ABsmix Antibiotics’ mixture 

AcL Acetylated lignin 

AMR Antimicrobial resistance 

AMX Amoxicillin  

AOPs Advanced oxidation processes 

API Active pharmaceutical ingredient 

APTES 3-Aminopropyltriethoxysilane 



viii 

aq Aqueous 

ATCC American Type Culture Collection 

BCS Biopharmaceutical Classification System 

C0 Concentration at time zero 

CAF Caffeine 

Cat Catalyst 

CB Conduction band 

CCDC Cambridge Crystallographic Data Centre 

CFU Colony forming units 

CIP  Ciprofloxacin 

CL Confidence limits 

CNT Carbon nanotube 

CoTDCPPS Cobalt(III) 5,10,15,20-tetrakis(2,6-dichloro-3-sulfophenyl)-

porphyrin 

Ct Concentration at time t 

CURC Curcumin 

d Doublet 

dd Doublet of doublets 

dQ/dt Heat flow 

DCF Diclofenac 

DCS Developability Classification System 

DMA N,N-Dimethylacetamide 

DMF N,N-Dimethylformamide 

DMSO Dimethyl sulfoxide  

DNA Deoxyribonucleic acid 

DP Degradation product 

DPD 5,5-diphenylhydantoin 

DSC Differential scanning calorimetry 

DTGS Deuterated triglycine sulfate 

e- Electron 

EAFUS Everything Added to Food in the United States 

EbC Total cell density 

EC European Commission 

EC20 20% Effective concentration 

EC50 Half maximal effective concentration 



ix 

EPR Electron Paramagnetic Resonance 

Eq Equation 

Er Percentage of growth inhibition 

ErC Specific growth rate 

ERY Erythromycin 

ESI Electrospray ionization 

EUCAST European Committee on Antimicrobial Susceptibility Testing 

eV Electronvolt 

ffit Molecular flexibility 

FAAS Flame Atomic Absorption Spectroscopy  

FDA United States Food Drug and Administration 

FDC Fixed dose combination 

FFA Flufenamic acid 

FTIR Fourier-transform infrared spectroscopy 

g g-Force 

GO Graphene oxide 

GRAS Generally Recognized as Safe 

h Hours 

h+ Hole 

HPLC High-performance liquid chromatography 

IBU Ibuprofen 

ICP-OES Inductively coupled plasma - optical emission spectrometry 

Igepal CO-520® Polyoxyethylene (5) nonylphenylether (branched) 

INM Isonicotinamide 

IR Infrared spectroscopy 

I.S. Internal standard 

IUPAC Internal Union of Pure and Applied Chemistry 

J Coupling constant 

k Reaction rate constant 

K Adsorption coefficient of the reactant 

kapp Apparent first-order rate constant 

𝑙 Optical path length 

L-H Langmuir-Hinshelwood kinetic model 

LAG Liquid assisted grinding 

LC-MS Liquid chromatography – mass spectrometry 



x 

LDH Layered double hydroxide 

LEU Leucine 

LEV Levofloxacin  

LMCT Ligand to metal charge transfer 

m Multiplet 

m/z Mass-to-charge ratio 

m-CPBA 3-Chloroperoxybenzoic acid 

MAN Mannitol 

MDR Multidrug Resistance 

MeOH Methanol 

MFA Mefenamic acid 

MH  Mueller-Hinton 

MIC Minimum inhibitory concentration  

min Minutes 

MLCT Metal to ligand charge transfer 

Mn(Br8T4CMPP)Cl 
Manganese(III) 2,3,7,8,12,13,17,18-(octabromo)-5,10,15,20-

tetrakis(4-carbomethoxyphenyl)porphyrin chloride  

Mn(Br8T4CPP)Cl 
Manganese(III) 2,3,7,8,12,13,17,18-(octabromo)- 5,10,15,20-

tetrakis(4-carboxyphenyl)porphyrin chloride 

Mn(T4CPP)Cl 
Manganese(III) 5,10,15,20-tetrakis(4-carboxyphenyl)porphy rin 
chloride 

Mn(T4CMPP)Cl 
Manganese(III) 5,10,15,20-tetrakis(4-carbomethoxyphenyl) 
porphyrin chloride 

Mn(T2,3DCPP)Cl 
Manganese(III) 5,10,15,20-tetrakis(2,3-dichlorophenyl) 
porphyrin chloride 

Mn(T2,6CFPP)Cl 
Manganese(III) 5,10,15,20-tetrakis(2-chloro-6-fluorophenyl) 

porphyrin chloride 

MnTDCPP 
Manganese (III) 5,10,15,20-tetrakis(2,6-dichlorophenyl) 

porphyrin acetate 

MnTDCPPS 
Manganese (III) 5,10,15,20-tetrakis(2,6-dichloro-3-
sulfonatophenyl)porphyrin acetate 

Mn(TPP)Cl Manganese (III) 5,10,15,20-tetraphenylporphyrin chloride 

MnTPPS 
Manganese(III) 5,10,15,20-tetrakis(4-chlorosulfonylphenyl) 

porphyrin acetate 

MNP Magnetic nanoparticle 

MOF Metal Organic Framework 

MS Mass spectrometry 

MTR Metroxazole 



xi 

MW Microwave 

N Normality 

NaY Zeolite Y, sodium 

NF Nitrofurantoin 

NG Neat grinding 

NIC Nicotinic acid  

ng Nanograms 

nm Nanometers 

NMR Nuclear magnetic resonance 

NOR Norfloxacin  

NSAID Non-steroidal anti-inflammatory drug 

OAc Acetate 

OECD Organisation for Economic Cooperation and Development 

OXA Oxolinic acid 

OTC Oxytetracycline 

PABA 4-Aminobenzoic acid 

PARA Acetaminophen/Paracetamol 

PhIO Iodosylbenzene 

pH Potential of hydrogen 

PhI(OAc)2 (Diacetoxyiodo)benzene 

PIC Picolinic acid 

pKa The negative base-10 logarithm of the acid dissociation constant 
(Ka) 

Por@AcL Porphyrin encapsulated into acetylated lignin 

PP Photoproduct 

ppm Parts per million 

ppb Parts per billion 

PCS Photocatalyst surface 

PTFE Poly(tetrafluoroethene) 

PVD Physical vapor deposition 

QUE Quercitin 

R Ideal gas constant 

RIB Riboflavin 

RNA Ribonucleic acid 

ROS Oxygen reactive species 



xii 

RP Reverse phase 

rpm Rotations per minute 

RT Room temperature 

s Singlet 

S/C Substrate/Catalyst ratio 

SAL Salicylic acid 

SEM Scanning electron microscopy 

SMPD Sulfamethoxypyridazine 

SMX Sulfamethoxazole 

SnTCPP Tin (II) 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin  

STP Sewage treatment plant 

t Time 

t Triplet 

t.t. Thermal treatment 

Tfus Melting temperature 

𝑇fus
∗  Experimental melting temperature of pure compound 

Tfus 
ex Melting temperature of the excess component 

tr Retention time 

TBR Theobromine dihydrate 

TC Tetracycline 

TCPP 5,10,15,20- tetrakis (4-carboxyphenyl)porphyrin 

TDI Toluene disocyanate 

TDCPP 5,10,15,20- tetrakis (2,6-dichlorophenyl)porphyrin 

TDCPPS 5,10,15,20- tetrakis (2,6-dichloro-3-sulfonatophenyl)porphyrin 

TDCPPSO2Cl 5,10,15,20- tetrakis (2,6-dichloro-3-chlorosulfonylphenyl) 
porphyrin 

TEM Transmission electron microscopy 

TEOS Tetraethoxysilane 

TFA Tolfenamic acid 

TG Thermogravimetry 

THF Tetrahydrofuran 

THPP 5,10,15,20- tetrakis (3-hydroxyphenyl)porphyrin 

TIC Total ion chromatogram 

TLC Thin-layer chromatography 

TOC Total Organic Carbon 



xiii 

TMP Trimethoprim 

TMPyP 5,10,15,20- tetrakis (1-methylpyridin-1-ium-4-yl)porphyrin 
chloride  

TMS Tetramethylsilane 

TPP 5,10,15,20-tetraphenylporphyrin 

TPPS 5,10,15,20- tetrakis (4-sulfonatophenyl)porphyrin 

TPPSO2Cl 5,10,15,20- tetrakis (4-chlorosulfonylphenyl)porphyrin 

UPLC-MS Ultra Performance Liquid Chromatography – Mass 

Spectrometer 

URA Uracil 

USP United States Pharmacopeia 

UV-Vis Ultraviolet-visible 

UV Ultraviolet 

V Volt 

v/v Volume by volume 

VB Valence band 

Vtotal Total volume 

W Watt 

WHO World Health Organization 

WWTPs Wastewater treatment plants 

𝑥𝑁 Molar fraction of compound N 

𝑥TMP Trimethoprim molar fraction 

XRPD X-ray powder diffraction 

ZnTDCPPS Zinc (II) 5,10,15,20-tetrakis(2,6-dichloro-3-sulfonatophenyl) 

porphyrin  

ZnTHPP Zinc (II) 5,10,15,20-tetrakis(3-hydroxyphenyl)porphyrin 
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Nomenclature 

In this thesis, the IUPAC recommendations were followed for compounds naming 

and numbering, with exceptions for pharmaceuticals’ names and porphyrins’ 

nomenclature and numbering that will be described below. 

Pharmaceuticals 

For the nomenclature of pharmaceutical compounds was used the International 

Nonproprietary Name (INN) which is also reported in the abbreviations section. As an 

example, we select the following: 

Pharmaceutical 

trivial name 

IUPAC name Abbreviation 

name 

Trimethoprim 5-(3,4,5-Trimethoxybenzyl)pyrimidine-

2,4-diamine 

TMP 

Sulfamethoxazole 4-Amino-N-(5-methylisoxazol-3-yl)-

benzenesulfonamide 

SMX 

Ciprofloxacin 1-cyclopropyl-6-fluoro-4-oxo-7-piperazin-

1-ylquinoline-3-carboxylic acid 

CIP 

 

Porphyrins 

The porphyrins’ name is attributing followed the Fischer [1] nomenclature, 

however the IUPAC [2] numbering system was used in the experimental chapter. 

Therefore, according to the IUPAC numbering system, all macrocycle carbon atoms are 

successively numbered from 1 to 20 and the internal nitrogen atoms from 21 to 24, as 

showed in Figure I-a. As reported by Fischer, porphyrin shows the meso positions 

(methylene bridge) reported as α, β, γ and δ, whereas the β-pyrrolic positions (external 

positions) are numbered from 1 to 8, as showed in Figure I-b. 

 



xvi 

 

Figure I. Numbering system for tetrapyrrolic macrocycles: a) IUPAC and b) 

Fischer. 

For the metallic tetrapyrrolic macrocycles the IUPAC nomenclature system is 

followed.  
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Chapter 1 

Introduction 

 

1.1 Antibiotics: from being a solution to a big problem  

The word “antibiotic” derives from Greek αντi´ + βιoς, which literally means 

“against life” [1]. It arises from “antibiosis”, a term used for the first time by Vuillemin 

to define a process in which a life could destroy another [2]. Antibiotics (ABs) are in most 

cases, substances produced by bacteria and fungi which can kill or inhibit other microbial 

species [3]. Thus, they may be of natural origin, if generated by microorganisms, 

semisynthetic or synthetic, if obtained entirely in a laboratory. The first synthetic 

antibiotic was developed only in 1910 by Ehrlich and was named Salvarsan. This was an 

arsenic-based drug used to treat Treponema pallidum, a syphilis bacterium [4, 5]. 

Unfortunately, its application in clinical practise was short-lived, due to several side 

effects such as rashes, liver damage and even coma. These effects led to its clinical 

suspension and later it was supplanted by a sulfonamide drug, Prontosil, discovered by 

Domagk [4]. Due to their broad spectrum of action, sulfonamides were widely used in 

clinic, but their consumption was restricted until the discovery of penicillin by Fleming 

in 1928. The advent of penicillin represented the beginning of the “golden age” for 

antibiotics [6, 7]. Since then, antibiotics were massively used particularly in surgery 

(organ transplantation or open-chest surgery) avoiding numerous deaths due to bacterial 

infections. [4, 8, 9].  

Nowadays, it exists a huge variety of antibiotics and they can be divided in several 

classes, according to their mechanism of action and their structure [10]: β-lactams (e.g. 

penicillin, cephalosporin) [11, 12], quinolones (e.g. ciprofloxacin, norfloxacin, 

levofloxacin) [13-15], tetracyclines (e.g. tetracyclin, doxycyclin) [16], antifolates (e.g. 

trimethoprim, sulfamethoxazole) [17, 18], aminoglycosides (e.g. streptomycin and 

gentamicin) [19, 20] and macrolides (azithromycin, erythromycin) [21-23] (Figure 1.1). 

https://en.wikipedia.org/wiki/Azithromycin
https://en.wikipedia.org/wiki/Erythromycin
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Figure 1.1 Examples of the six main ABs’ classes.  

 

Antibiotics may act in several ways and these mechanisms can be generally 

divided in [24]: i) inhibition of cell wall synthesis; ii) inhibition of protein synthesis; iii) 

inhibition of nucleic acid synthesis; iv) alteration of cell membranes and v) inhibition of 

metabolic pathways (Figure 1.2). 

 

Figure 1.2 The five main ABs’ mechanisms of action.  

 

Over the years, if on the one hand, antibiotics have played an important role in the 

decrease of mortality, on the other hand their abuse has represented a huge concern. This 

is well portrayed in a study, reporting that, between the 2000 and 2015, antibiotics 

consumption increased about 65% worldwide [25, 26]. For instance, the Center for 
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Disease Control and Prevention (CDC), in USA, reported that around 47 million 

antibiotics therapies are incorrectly prescribed each year, intended to treat infections that 

do not require the use of antibiotic therapy. This number means that around 30% of 

antibiotics’ prescriptions are unnecessary or, when necessary, may suffer from wrong 

prescription, dosage and treatment duration [27]. Furthermore, in 2018, the European 

Centre for Disease Prevention and Control reported that, in 29 European countries,  

4264 tons of antibiotics were used in human, while 6358 tons were used in animal 

husbandry [28].  

This massive consumption caused the development of resistant bacteria, which 

consequently led to the problem of Antimicrobial Resistance (AMR). AMR is the ability 

of infection causing microorganisms (e.g. bacteria) to be resistant to an antimicrobial 

agent (e.g. antibiotic) that could normally kill them or inhibit their growth. This 

phenomenon of resistance is the result of bacteria’s high propensity for genetic mutations. 

If, in a given population of bacteria, a few antibiotic-resistant species are present among 

susceptible bacteria, they may survive when exposed to sub-therapeutic doses of 

antibiotics. In these conditions, the antibiotic susceptible bacteria will be preferentially 

eliminated, leaving room for the proliferation and spread of the antibiotic-resistant 

bacteria (Figure 1.3).  

 

Figure 1.3 How antibiotic resistance happens. (Copyright Ref [29]) 

 

 Furthermore, several microorganisms can possess resistance mechanisms against 

more than one antimicrobial agent, which led to the emergence of multidrug resistant 

bacteria, colloquially called “superbugs” [24]. Their surviving mechanisms against 



Chapter 1 – Introduction      

 

4 

stressful environmental factors to gain resistance is divided in (Figure 1.4) [24, 30, 31]: 

1) Limiting access to the target, 2) drug modification, 3) target-site modification via 

genetic mutations and 4) activation of efflux pumps. Bluntly, the consequences of AMR 

are the increase in the number of deaths and treatment failures, as well as increased costs 

of care and long hospitalizations [32]. 

 

Figure 1.4 Four main antibiotic resistance mechanisms. 

 

Considering the aforementioned aspects, it is straightforward to understand that 

AMR can spread easily in animal farming, in the community, in healthcare facilities and 

even through traveling [33]. Particularly, two main transmission chains have been 

identified: the first one involving the use of antibiotics in animal farming for treatment 

and prevention of infections and the second one attributed to the direct antibiotics’ intake 

in the community. Regarding the first pathway, after the animals’ antibiotics digestion, 

vegetables may be contaminated with AB-resistant bacteria from animal manure used as 

fertilizer and these can spread to humans through food or direct contact with animals. The 

second transmission pathway concerns direct antibiotic consumption by humans, 

following incorrect prescriptions or by incorrect drugs administration leading to a 

development of resistance as natural adaptive reaction. At the same time, whether in the 

community or at hospitals, resistant bacteria can spread either directly within people  

(e.g. hospital staff, patients and/or visitors) or indirectly, through poor hygiene and 

unclean surfaces and devices [34]. 
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1.2 Fate of antibiotics in water 

Expectedly, another relevant consequence of the massification of the antibiotics 

use in humans and animal husbandry is their spread into the environment due to the 

significant amount of antibiotics excreted as faeces and urine (from 30% up to 90%) [35]. 

Additionally, since animals’ manure is very often reutilized as fertilizer, pharmaceutical 

residues can easily spread into groundwater. In this way, antibiotics contaminate aquatic 

ecosystems through surface runoff toward surface water and/or leaching to groundwater 

[36, 37]. Certainly, these are not the only two pathways how antibiotics can reach the 

environment, as improper waste disposal, including of medical waste, aquaculture, plant 

production and sewage treatment plant (STP) effluents represent a considerable 

percentage of ABs source [38] (Figure 1.5). 

 

Figure 1.5 The main chains of antibiotics’ spread in the environment. 

 

As previously mentioned, ABs consumption is increasing worldwide, and their 

presence is commonly registered in soil [39, 40], sludge [41], municipal sewage [41], and 

particularly in water at different domains such as groundwater [42-44], surface water  

[45-47] and drinking water [48, 49]. For instance, in 2021, Gros et al. led a study about 

the detection of antibiotics, evaluating eleven different sites in three different seasons in 

Barcelona province, Spain. He reported the presence of tetracyclines (TC) and 

sulfonamides in concentrations of ng L-1 but the consequence of their persistence was 

visible in values of nitrates with a concentrations exceeding the 50 mg L-1, in several 

water springs [44]. Besides, among all ABs the ciprofloxacin (CIP) displayed the highest 

concentration of 28-31 mg L-1 found in surface waters [38].  
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Antibiotics’ concentrations detected in wastewater treatment plants (WWTPs) 

appear in the range of ng L-1 to µg L-1, but their persistence and recalcitrant nature, as well 

as their by-products, causes much concern. The WWTPs plants are mainly based on 

activated sludge and can reduce pollutants in wastewater before discharging the treated 

water into watercourses. The problem is that these plants are not designed to treat and 

remove micropollutants such as pharmaceuticals and this obviously means that drugs, 

including antibiotics, “escape” without receiving any treatment. To this respect, Zhang et 

al. reported in 2015 that China, one of the main antibiotics’ global producer and 

consumer, released 46% of antibiotics consumed into rivers through sewage effluents, 

whereas the remaining part was released into the soil through manure and sludge [50]. 

Furthermore, in the same year, Xu et al. revealed the presence of TC, sulfonamides and 

quinolones in secondary effluent at higher concentration values than those detected in the 

receiving river water [51]. Regarding the Europe, particularly the Mediterranean region, 

due to prolonged drought periods, the contaminated water flowing from WWTPs is 

mainly re-used for irrigation and aquifers replenishment [52].  

Nevertheless, even if medicines are detected in low concentrations and therefore 

may not represent a direct risk to the human health, their presence in drinking water will 

always be one of the main focuses of concern. Hence, several studies have been reported 

on the presence of antibiotics in drinking water, to reveal potentially dangerous situations. 

In 2003, Schwartz et al. found resistant bacteria in both drinking water and wastewater in 

Germany [53]. This data could indicate the possibility of a bacteria direct transfer from 

wastewater to water network for human consumption. More recently, Sun et al. found 

resistant E. coli in drinking water from wells in rural China, considering this a possible 

source of human acquisition [54].  

Additionally, another important aspect should be mentioned concerning 

antibiotics’ excretion, as they can enter in the environment as unmetabolized antibiotics 

or as transformation/degradation products resulting from natural, biotic and/or abiotic 

processes. These degraded products represent another problem due to their different 

physicochemical and pharmacological properties, which could change their 

bioaccumulation. To that respect, during the last years, several authors reported the 

presence of trimethoprim (TMP) and its residues in Europe at different environmental 

domains [55]. This has been considered a pseudo-persistent drug since its transformation 

products remain continuously in the aquatic environment. It was detected in all influent 
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wastewater samples in a range of 100-6000 ng L-1 [56] and in WWTPs effluent in range 

of 60-3000 ng L-1. Indeed, higher concentrations were detected in hospital effluents,  

> 3 µg L-1, confirming TMP frequent administration [57]. A relevant consequence of their 

persistence and bioaccumulation in water resides in the possible ecotoxicological effects 

that can interrupt life cycles of organisms living in the aquatic ecosystems, such as 

bacteria, algae, and invertebrates.  

Development of effective strategies to avoid and prevent the accumulation of 

antibiotics in the environment and concomitant AMR spread is urgent. To answer to this 

global matter, in this thesis we consider two general strategies that can be followed: 

“downstream” and “upstream” approaches. The first one consists of the antibiotics 

destruction after their utilization by humans, developing new sustainable and catalytic 

systems such as Advanced Oxidation Processes (AOPs) to degrade and preferentially 

mineralize the antibiotics present in wastewaters. It is crucial to reduce the amount of 

degradation products and to ensure its reduced ecotoxicity and AMR spreading capability. 

The second strategy, an upstream approach, proposes the discovery of new 

pharmaceutical multicomponent solid forms involving the use of lower antibiotic loads 

to prevent the drugs accumulation in the environment. These discovered new solid-state 

forms should lead to an increase in Active Pharmaceutical Ingredient (API) 

bioavailability and/or to improvement in the antimicrobial activity. Bearing this in mind, 

we present the literature review referring to each of these topics in the next sections.  

 

1.3 Aqueous antibiotics remediation processes: downstream 

approach 

As previously mentioned, WWTPs plants cannot efficiently remove 

pharmaceuticals from water, so nowadays, new strategies for their removal/destruction 

were developed. In literature, several methodologies have been described and can be 

divided in: in situ techniques [58-60], membrane separation processes [61, 62], traditional 

and alternative processes.  

Traditional treatments are divided in three main groups: physical and biological 

(e.g. filtration, coagulation–flocculation, sedimentation, and biological treatments) and 

chemical [63-65]. Table 1.1 presents general methodologies adopted to remove/destroy 

antibiotics, including their advantages and disadvantages.  
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Table 1.1 General processes used to remove antibiotics. 

Treatment Method Advantages Disadvantages 

Physical 

(non-

destructive 

methods) 

- Filtration 

- Adsorption 

- Extraction 

- Flocculation/Sedimentation 

- Air flotation 

- Low cost 

- Safe and easy 

operational 

conditions 

-High energy cost 

-Volatile emissions 

- Low removal rates 

Biological 

(destructive 

methods) 

- Aerobic 

-Anaerobic 

- Activated sludge 

- Simple 

maintenance 

- Safe and easy 

operational 

conditions 

- Volatile emissions 

- Necessity to 

remove sludge 

- Sensitive to 

antibiotics  

Chemical 

(destructive 

methods) 

- Chemical oxidation 

- Chemical precipitation 

- Combustion 

- Ion exchange 

- High efficiency 

- Elimination of 

the dissolved 

pollutant 

- High costs 

- Hard operational 

conditions 

  

Unfortunately, these methods are quite inefficient in antibiotics treatment, due to 

their complex structure and their high chemical stability. In fact, physical processes 

usually show low pollutant removal rates, due to sludge formation [66]; whereas the 

biological procedures are quite interesting in terms of sustainability but strictly depend 

on the organic contaminants recalcitrant nature [67, 68]. Moreover, these techniques can 

be applied only when wastewater contains low concentrations of contaminants [69].  

The Advanced Oxidation Processes (AOPs) are the most accredited strategies to 

mitigate the environmental drug accumulation, due to their ability to oxidize and degrade 

pollutants, including drugs, usually in less harmful products, promoting their destruction 

[70, 71]. During these processes, Reactive Oxygen Species (ROS) are generated in situ, 

especially hydroxyl radicals (⦁OH), superoxide anions (⦁O2
-) and singlet oxygen (1O2). 

The excellent applicability of AOPs depends on the efficiency of ⦁OH radicals, this being 

the second species with the highest oxidation potential (+2.8 V) after fluorine (+3.5 V), 

which rapidly react with numerous organic species with rate constants on the order of  

108 – 1010 M−1 s −1. Furthermore, since ⦁OH radicals have a short lifetime, approximately 

10−9 s, they are generated in situ using oxidizing agents (such as H2O2, O2 or O3), by 

irradiation (using ultraviolet light or ultrasound) or by catalyst utilization (such as 

photocatalysis, Fenton/photo-Fenton or metal complex catalysed oxidation). These 

processes could ideally degrade drugs until complete mineralization forming CO2, H2O 

and inorganic ions [72, 73]. 
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Since AOPs include several oxidation methods, they can be categorized in two 

main groups, the photochemical and the chemical processes (Scheme 1.1).  

 

Scheme 1.1 Main types of AOPs used to remove organic pollutants from water. 

 

The chemical methods do not need photonic energy to generate ⦁OH radicals and 

include ozonation, alone or in combination with other agents (such as oxidation agents or 

catalysts), Fenton oxidation, persulfate methods, alone or in combination with iron 

catalysts. Some examples of each of these applications are described below. The most 

applied in the wastewater treatment are the ozonation and the Fenton processes. 

Regarding the ozonation, this method has been applied to remove many antibiotics 

dissolved in water in recent years. As an example, Garoma et al. conducted a study in 

which it was possible to remove 4 antibiotics of the sulfonamide class, including 

sulfamethoxazole (SMX), employing O3 at different concentrations. The study revealed 

that a 99% degradation was observed at basic pH values in deionized water [74]. More 

recently, Östman et al. used a pilot scale ozonation system in a spiked sewage treatment 

plant (STP) effluent, to efficiently remove (> 94%) four antibiotics, namely CIP, 

erythromycin (ERY), TMP and metronidazole (MTR) [75]. These results were possible 

due to the strong oxidant nature of O3, which forms high amounts of ⦁OH radicals that 

react with organic pollutants. On the one hand, this methodology has several advantages, 

such as: no sludge production; easy elimination of non-reacted O3 by decomposition into 

⦁O2; requirement of simple and small-scale installations. On the other hand, big 

limitations include the high cost of energy supplied to carry out the process and the 

consequent high cost of equipment maintenance. Additionally, if high levels of halogen 

atoms are dissolved in water, then ozonation leads to the generation of halogenated 
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species, which are carcinogenic [76]. Therefore, the use of O3 has been improved through 

the combination with H2O2. As it is well known, by-products are usually formed during 

the degradation pathway, which may be recalcitrant toward the ozone oxidation. At this 

point, the simultaneous action of H2O2 may be crucial to achieve high mineralization 

degrees [77]. Gomes et al. reported, in 2017, a study in which a secondary effluent from 

municipal WWTP were spiked with diclofenac (DCF) and SMX and treated with 

O3/H2O2. Degradation of SMX and DCF was observed after 45 min and 60 min, 

respectively, using values of concentration of 0.42 mM and 5 mM for O3 and H2O2, 

respectively. After the oxidation, some inorganic salts and low molecular weight organic 

compound were detected [78]. 

Another highly used methodology is the Fenton process, which involves the use 

of iron salts (Fe2+/Fe3+) concomitantly with H2O2. Regardless of its cost, as large amounts 

of iron salt are required producing huge quantities of metal sludge, it has been applied in 

many industrial sectors [79]. To reduce the amount of these salts in the medium, efficient 

and stable solid catalysts have been developed originating the class of “heterogeneous 

Fenton-processes”. The most relevant aspects associated to this procedure are the high 

abundance and non-toxic nature of Fe2+, the non-toxicity and easy-handle of H2O2, the 

non-formation of chlorinated compounds which are carcinogenic and the operative 

simplicity [69, 80]. For instance, Gupta et al. applied the classical Fenton process to 

remove CIP from synthetic wastewater. After establishing operational optimized 

conditions of [H2O2]:[Fe2+] = 10, peroxide agent concentration of 14.2 mM and a pH 

value of 3, 70% of CIP degradation was obtained in 15 min with 55% of total organic 

carbon (TOC) removal and five degradation products (DPs) were identified [81]. 

Additionally, Wang et al. studied the application of two processes, the Fenton and  

Fe(II)-activated persulfate one, to degrade TMP in spiked deionized water. When the 

concentrations of H2O2 and Fe(II) were 1 mM and 0.05 mM, respectively, 55% of 

mineralization was achieved. On the contrary, applying Fe(II)-activated persulfate 

process, ~ 73% of TMP degradation, with a 40% of mineralization, were reported using 

concentration of both [persulfate] and [Fe(II)] = 4 mM. Transposing these systems for 

wastewater with spiked TMP, 36% and 45% of oxidation were observed for Fenton and 

Fe(II)-activated persulfate method [82]. Furthermore, an example of heterogeneous 

Fenton-like process is a recent work led by Xu et al., in which the catalytic activity of a 

hybrid catalyst to remove MTR was evaluated. Designing a three-dimensional 
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macroporous graphene-wrapped zero-valent Cu nanoparticles synthesized by self-

assembly process, 92% of MTR degradation was observed with the addition of H2O2 

([H2O2] = 2mM) [83]. It is worth noting that several drawbacks are associated with these 

methodologies, for instance the regeneration of Fe2+ during the oxidation meaning that 

the ⦁OH radicals formation continues until the H2O2 disappearance; the formation of 

sludge at pH > 3.5 due to iron hydroxide precipitation and the possibility of complexation 

between Fe2+ or Fe3+ and organic ligands.  

The other family of processes are designated as photochemical AOPs, which need 

the UV/Vis irradiation to destroy antibiotics. Ozonation coupled with H2O2 and UV 

radiation, ozonation only with UV, photo-Fenton processes and photocatalysis are the 

main ones yet implemented in water treatment [73, 84].  

O3 alone cannot generate ⦁OH radicals and thus high concentrations are required 

to oxidize pollutants with acceptable mineralization values. This is overcome by 

combining O3 with UV radiation, as large concentrations of radicals may be rapidly 

generated. Additionally, this method is applied to degrade acids, alcohols and 

organochlorines since organic compounds are excited by UV radiation, ⦁OH radicals 

attacks are favoured. Although this technique seems to have a great potential, it shows 

two important drawbacks: the high cost to produce O3 and UV light use. For instance, 

Pancan et al. performed a study in which the efficiency of O3/UV process was evaluated 

on 38 pharmaceuticals and personal care products. The experiments were carried out in a 

system supplied with two flow reactors connected in series, both equipped with three  

65 W lamps. The study was conducted by varying the ozone dosage and the hydraulic 

retention time. Finally, 31 compounds were degraded using [O3] = 6 mg L-1 in 10 min, 

whereas seven of them were still present in water due to their recalcitrant nature [85].  

Using the ternary system O3/H2O2/UV allows a more rapid O3 decomposition due 

to the presence of both H2O2 and UV light, nevertheless still exhibiting the same 

limitations. For this reason, few works in the literature reported the application of this 

system in water treatment. Morandi et al. investigated the degradation of SMX using a 

UV photo-reactor ternary system equipped with a low-pressure mercury vapour lamp  

(5.7 W). Nevertheless, a full SMX degradation was achieved in 10 min at pH 7, with a  

[O3] = 0.03 mM, at room temperature. Prolonging the irradiation for 30 min, 98% TOC 

mineralization was also obtained [86]. 
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Among all these methods, the photo-Fenton system has been the most considered 

for water decontamination, as UV radiation accelerates the degradation of organic 

compounds and high concentration of ⦁OH radicals are constantly produced during the 

entire process, avoiding the formation of secondary chlorinated oxidation products. Thus, 

many examples have been already reported in literature. For example, Guerra et al. 

studied the application of solar photo-Fenton on amoxicillin (AMX) and paracetamol 

(PARA) degradation. The study was conducted under natural light and using Fe2(SO4)3 

as iron source. The 90% of degradation was achieved for AMX in only 9 min, at pH value 

between 7-8 and using [H2O2] = 0.08 mM and [Fe3+] = 0.05 mM, with negligible 

mineralization [87].  

Another process involves the use of photocatalysts, activated upon the absorption 

of radiation with energy above its bandgap. The main photocatalysts applied in the 

antibiotics photooxidation are hybrid materials based on semiconductors and based on 

organic photosensitizers (PS) immobilized on solid supports. Indeed, the most widely 

used photocatalytic materials are titanium dioxide (TiO2)-based heterogeneous 

semiconductors [73, 88]. The oxidation mechanism starts when the semiconductor 

photocatalyst is irradiated and absorbs a radiation with an energy greater or equal to its 

band gap energy. At this point an electron (e-)/hole (h+) pair is formed in the valence band 

(VB) (Eq. 1.1). 

PS  →
ℎ𝑣 PS (e- + h+) (1.1) 

When absorbed photons have higher energy than the semiconductor band gap 

energy, e- will be excited and promoted from VB to conduction band (CB), leaving h+ in 

the VB. These excited e- and associated h+ reduce and oxide organic compounds adsorbed 

on the photocatalyst’s surface (PCS) (Figure 1.6) [73].  

The h+, due to the high oxidation potential, can promote oxidation reactions of 

organic contaminants or generate ROS species from water (especially ⦁OH radicals)  

(Eqs. 1.2-1.3). 

PCS (h+) + ABads → PCS + ⦁ABads
+       (1.2) 

PCS (h+) + H2Oads → PCS + ⦁OHads + H+       (1.3) 
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Figure 1.6 Schematic representation of antibiotic (AB) degradation using 

semiconductor-based heterogeneous catalyst. (Reproduced from [73]. Copyright 2021 

Coordination Chemistry Reviews, Elsevier.) 

 

Meanwhile, e- located in CB, on the one hand can generate superoxide radical ion 

(⦁O𝟐
−) reducing the oxygen dissolved in water which is subsequently converted in H2O2 

(Eqs. 1.4-1.6) and on the other hand can reduce H2O2 in ⦁OH species.  

PCS (e-) + O2 → PCS + ⦁O𝟐
− (1.4) 

⦁O𝟐
− + H2O → ⦁OH2 + OH- (1.5) 

2 ⦁OH2 → H2O2 + O2 (1.6) 

However, as we previously mentioned, an ideal oxidation mechanism should lead 

to the complete contaminant mineralization (Eqs. 1.7-1.8). 

⦁OH + AB → H2O + DPs (1.7) 

⦁OH + AB → H2O + CO2 (1.8) 

Many authors reported the application of TiO2-based photocatalysts modified 

with organic and inorganic moieties to extend their application also under solar irradiation 

conditions and avoid the fast recombination of e- and h+ in bulk and on photocatalyst 

surface. It is well known that the solar light is composed by only 3-5% of UV component, 

meaning that TiO2-based photocatalysis is less sustainable on industrial scale since it 

cannot be implemented under visible light conditions [89, 90]. Hence, many 

modifications have been proposed including heterojunctions involving the combination 

of TiO2 with other semiconductors such as ZnO, SiO2, CdS permitting a better separation 
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of charge carriers and enhancing the visible light utilization [69, 91]. This improvement 

is also achieved when TiO2 is doped with other metal ions, such as transition and noble 

metals, and non-metals, such as carbon, fluorine, nitrogen. In this way, the photocatalyst 

band gap is reduced and the surface area is enhanced. Furthermore, the photocatalyst 

immobilization on inorganic solid support improves the cost-effectiveness of the process 

increasing the catalytic performance and favouring the material recycling and 

reutilization [92].  

In recent years, these photocatalytic systems have been particularly applied in the 

photooxidation of quinolones, with CIP commonly used as model AB [83]. For instance, 

Manasa et al. studied the performance of four boron and cerium doped TiO2 

photocatalysts on the CIP photodegradation under natural sunlight. Several experiments 

were carried out varying the catalyst composition, where the best photocatalysts 

contained 1% Ce-TiO2 and 1% B-TiO2, both favouring ~ 93% of CIP photodegradation 

in 180 min at neutral pH and 33 °C. Under these conditions, a remarkable mineralization 

(92% and 93%, respectively) was observed, concomitantly with high pseudo first-order 

kinetic constants. In both cases, the photocatalysts showed high stability after three 

reutilization cycles [93]. In another report, a series of TiO2 and magnehematite (γ-Fe2O3) 

co-doped graphene oxide (GO) nanosheets were designed and tested in the degradation 

of CIP. The heterogeneous material was prepared by self-assembly varying the TiO2 

concentration. A 99% of degradation was achieved in 140 min at pH of 6.6 and under 

visible light irradiation using a 300 W Xe lamp. The authors also performed reutilization 

tests for the photocatalyst, which maintained its activity for four cycles with pseudo first-

order kinetics [94].  

Other researchers studied the degradation pathways of sulfonamides using 

heterogenous TiO2 and non-TiO2-based materials. Regarding the SMX photodegradation 

using TiO2-based photocatalyst, Jahdi et al. developed new nanocomposites doping TiO2 

with fluorine (F) and palladium (Pd) through microwave-assisted thermal synthesis. This 

new photocatalyst was tested using both solar simulator and direct sunlight irradiation, 

using 10% of Pd as a dopant, and up to 98% of SMX was eliminated within 40 min, with 

a consequent mineralization of 93% [95]. Furthermore, another example of 

nanocomposites developed for this purpose, was reported by Mourid et al., who designed 

a calcined layered double hydroxide (LDH) impregnated by TiO2 via coprecipitation 

method in alkaline medium (pH 10). A complete SMX photodegradation was observed 
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using a 10% of TiO2 in the nanocomposite at basic pH and a high-pressure UV-A lamp 

(300 W). The process also revealed a 100% of mineralization after 144 h, probably due 

to the formation of ⦁OH radicals, which were responsible for the oxidation. The authors 

also studied the photocatalyst reusability which, after five cycles, still showed ~ 90% of 

degradation [96].  

In another study, Zhu et al. developed two semiconducting WO3 based 

photocatalysts, containing graphitic carbon nitride (g-C3N4-WO3) and carbon nanotubes 

(CNT-WO3), prepared by hydrothermal method. Both were implemented in the SMX 

photooxidation using a 300 W visible light Xe lamp irradiation. In the first case a full 

removal was achieved after 90 min using the lamp and 95% was degraded in 2 h under 

natural sunlight conditions [97]. A 65% was obtained after 180 min with CNT-WO3 and 

no loss of activity was detected after four reutilization cycles [98].   

Samy et al. studied the photodegradation of TMP antibiotic using two 

photocatalysts (S-TiO2 and Ru/WO3/ZrO2), both immobilized on circular aluminium 

plates by polysiloxane. The experiments were carried out using a 400 W metal halide 

lamp as light source and both photocatalysts were immobilized and both could completely 

degrade TMP in 240 min at pH 7. Furthermore, authors also performed catalytic 

reutilization tests for testing them both for four cycles revealing some loss in degradation 

efficiencies. The mechanism was also proposed and superoxide radicals, holes 

and hydroxyl radicals were found to be the main effectors [99]. Additionally, Villanueva 

et al. tested the efficiency of keratin–TiO2 nanocomposite developed by keratin hydrogel 

with immersed TiO2 nanoparticles on TMP removal from wastewater. These hydrogel 

nanocomposites absorbed and degraded the antibiotic in  

30 min under simulated solar light produced by Xe lamp. They also studied the 

photocatalyst removal performance for four cycles with no loss in activity [100]. 

Furthermore, Wang et al. investigated the application of this technology in TMP 

degradation. The experiments were carried out in a photoreactor supplied with a  

high-pressure Hg lamp, varying the [H2O2] between 0.03 and 5 mM, the [Fe2+] between  

0.03 and 2 mM and the range of pH between 2.5 and 4.5. A 99% of TMP oxidation was 

observed after 6 min at room temperature and under optimized conditions of  

[H2O2] = 0.09 mM, [Fe2+] = 0.09 mM and pH value of 4.5 [102].   

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydroxyl-radical
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1.4 Porphyrins as catalysts in antibiotic AOPs  

Porphyrins have emerged as valid alternatives in AOPs, due to their 

multifunctional properties, which arise from their amenable modulability and capability 

to coordinate with more than 70 metals from the Periodic Table. Porphyrins are 

tetrapyrrole derivatives, composed by four pyrrole subunits interconnected via  

─CH═ bridges and contain an inner core formed by 18 π electrons. They are involved in 

key vital processes, for instance the heme group (protoporphyrin IX ‒ Fe(II) complex) 

which is responsible for xenobiotics metabolism [101]. Free-base porphyrins can absorb 

visible light, particularly in the regions of 400-450 nm and 500-660 nm [102-104]. 

Therefore, considering the main goal of this thesis, as well as the recent interest for this 

topic in both catalytic and photocatalytic applications, we present the state of art in the 

next sections.   

 

1.4.1 Antibiotics oxidative porphyrin-based catalytic degradation 

Owing to their widespread applicability, there has been a growing use of 

biomimetic synthetic metalloporphyrins as catalysts for oxidation reactions [105-112].  

Nevertheless, their use as catalysts for oxidative degradation of pollutants has been less 

reported [1, 113-121], and even less for degradation of antibiotics [1]. Their 

implementation, particularly in pollutants abatement, has reached a rapid and massive 

interest during the last decades, due to the rising need for the development of sustainable 

oxidative catalytic processes involving the use of benign oxidant agents  

(e.g. H2O2 and O2) [108, 122], in detriment of other hazardous oxidants that are 

commonly used [123], as well as the use of less toxic metals such as manganese (Mn) and 

iron (Fe), given their particular stability in multiple oxidation states. 

Several studies have been reported about the combination of metalloporphyrins 

and H2O2 in pollutants degradation. The general mechanism showing the biomimetic 

action of metalloporphyrins in environmental remediation, involving water as medium 

and H2O2 as oxidant, is schematically represented in Figure 1.7 [1, 106, 124]. 
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Figure 1.7 Schematic representation of general antibiotic oxidation mechanism 

using H2O2 and metalloporphyrin as catalyst. 

 

First, the central metal can coordinate with the peroxide, forming hydroperoxy-

species, A. Then, the oxidation of metal with consequent water elimination allows to form 

oxo-species, B and C. It is well accepted that several factors may influence the formation 

of these species, involving heterolytic or homolytic cleavage of O-O bond, such as metal 

ions, solvents, functional groups in the porphyrin structure and the peroxide agent. So, 

when the porphyrin is substituted by electron-withdrawing groups, in presence of a highly 

protic solvent such water, the heterolytic cleavage inducing the formation of the oxo 

species B and C is preferred [109, 125].  Meunier et al. studied the metalloporphyrin 

structural influence and divided them in first-generation catalysts, based on  

meso-tetraphenyl porphyrin (TPP) and their p-substituted analogues, which lacked 

stability when coordinated with H2O2. Second-generation catalysts were constituted by 

meso-TPP bearing halogen atoms in ortho-positions at phenyl rings, which improved the 

robustness, activity, and selectivity of the catalysts prepared thereof [126, 127]. Finally, 

the third-generation catalysts were known for the introduction of withdrawing group in 

beta- or meso-positions of the macrocycles, which has, unquestionably, delivered even 

more active and selective catalysts; however, with much diminished stability towards the 

reaction conditions [128]. 

Concerning the application of metalloporphyrin based catalysts for the oxidative 

degradation of antibiotics, there are only a very few literature examples reported, which 

are summarized in Table 1.2. 
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Table 1.2 State of art regarding antibiotics oxidative degradation catalysed by 

homogeneous metalloporphyrins. 

 

#/Ref Catalyst AB Experimental 

Conditions 

Comments 

1[129] Mn(TPP)Cl 

Mn(T4CMPP)Cl 

Mn(Br8T4CMPP)Cl 

CIP - Matrix: Distilled 

water/ CH3CN 

- [Mn(TPP)Cl]=  

0.02 g L-1 

[Mn(T4CMPP)Cl] = 

0.03 g L-1 

[Mn(Br8T4CMPP)Cl] = 

0.04 g L-1 

- oxidant: H2O2, PhIO, 

m-CPBA 

-pH = N/A; T = 25 °C 

- 76% CIP removal 

(24 h) with 

Mn(T4CMPP)Cl and 

PhIO 

-Mechanism by ⦁OH 

-Oxidation pathway 

proposed 

2[123] Mn(T4CPP) 

Mn(Br8T4CPP) 

CIP 

LEV 

- Matrix: 

phosphate:CH3CN 

buffer, CH3CN 

-[Mn(T4CPP)] =  

0.03 g L-1 

[Mn(Br8T4CPP)] =  

0.04 g L-1 

- oxidant: H2O2, PhIO, 

m-CPBA, PhI(OAc)2 

-pH = N/A; T = 25 °C 

- 100% CIP removal 

(24 h) in 

phosphate:CH3CN 

buffer with 

Mn(Br8TCPP) and 

PhIO 

- 98% LEV removal 

(24 h) in CH3CN 

with Mn(T4CPP) and  

m-CPBA 

-Mechanism by ⦁OH 

-LEV oxidation 

pathway proposed 

3[125] Mn(TPP)Cl 

Mn(T2,3DCPP)Cl 

Mn(T2,6CFPP)Cl 

NOR - Matrix: H2O (dist.)/ 

CH3CN 

-[Mn(TPP)Cl]= 

[Mn(T2,3DCPP)Cl] = 

[Mn(T2,6CFPP)Cl] = 

0.04 g L-1 

- oxidant: H2O2,  

t-BuOOH, Oxone® 

-pH <6; T = 25 °C 

- 58% NOR removal 

(24 h) with 

Mn(T2,3DCPP)Cl 

and Oxone® 

-Mechanism by ⦁OH, 
⦁SO-

4 

-Oxidation pathway 

proposed 
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These reports used homogeneous conditions, the metalloporphyrins were 

complexated with Mn and used to oxidize quinolone-type antibiotics. Lage et al. tested 

first-, second- and third-generation Mn-porphyrins as catalysts to oxide CIP in four 

different media (methanol, water, ethanol and acetonitrile) and using three oxidants 

(H2O2, PhIO, m-CPBA) (Table 1.2, entry 1) [129]. The best result achieved was 76% of 

CIP degradation in CH3CN, using the 2nd-generation Mn(T4CMPP)Cl as catalyst and 

iodosylbenzene (PhIO) as oxidant. Indeed, authors explained that although the PhIO high 

toxicity it permitted the formation of no toxic degradation products eliminating the CIP 

antibacterial activity due to the alteration of the pharmacophore of fluoroquinolone. When 

using H2O2 and m-CPBA, the fluoroquinolone moiety remained intact. The same group 

later discriminated the catalytic performance between water-soluble 2nd- and  

3rd-generation Mn-porphyrins in CIP and LEV homogeneous degradation, using several 

oxidant agents (H2O2, PhIO, m-CPBA and PhI(OAc)2) (Table 1.2, entry 2) [123]. The 

catalytic experiments were performed in CH3CN and phosphate:CH3CN buffer as media. 

The authors were able to degrade CIP using both generations of catalyst and with each 

oxidant but the high degree of CIP oxidation was achieved with the system 

Mn(Br8T4CPP)/PhIO, in buffer condition. This system was also the most selective one 

allowing the formation of only one product. On the other hand, levofloxacin (LEV) 

showed 98% degradation in CH3CN, using Mn(Br8T4CPP) as catalyst and m-CPBA as 

oxidant, favouring the formation of only one oxidized product. In this work, they 

underlined that the presence of electron-withdrawing substituents at β-pyrrolic positions 

led to the formation of the high-valence active species. The last example is reported by 

Meireles et al., who evaluated the efficiency of several Mn-porphyrins in norfloxacin 

(NOR) homogeneous oxidation (Table 1.2, entry 3) [125]. The authors performed the 

catalytic experiments using several oxidant agents (H2O2, t-BuOOH and Oxone®). The 

Mn(T2,3DCPP)Cl exhibited the best performance reaching ~ 58 %, NOR degradation, 

using Oxone® (KHSO5) as oxidant. Authors attributed this result to: i) presence of a total 

of eight chlorine atoms in the aryl-groups at the meso-positions of the macrocycle, 

allowing the formation of Mn(V)-oxo species; ii) absence of halogen atoms in one of the 

ortho-positions of the meso-aryl groups which facilitate the NOR approach to these more 

reactive Mn species.  

It should be mentioned that, to the best of our knowledge, AOPs using 

metalloporphyrins as catalysts have been exclusively reported under homogeneous 
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conditions for antibiotics degradation. To date, no reports on the use of immobilized 

porphyrins had been delivered and therefore this is one of the main goals of our work.  

Indeed, to transform metalloporphyrins into suitable real-world application catalysts, it is 

crucial to promote their immobilization onto solid supports to improve their stability and 

allow their reutilization. For this reason, the immobilization of metalloporphyrins on 

inorganic supports may overcome these shortcomings, being that a major goal of the 

studies described in Chapter 2 [130, 131].  

 

1.4.2 Antibiotics photocatalytic degradation  

Besides the use of metalloporphyrins as catalysts in chemical oxidative 

degradation processes, they can also be used as efficient photocatalysts due to their high 

absorption in UV-Vis region. Furthermore, they have high quantum yields of triplet state, 

which may be improved through metal complexation or halogen atom incorporation  

[132, 133]. When a photocatalyst is in its triplet excited state, after absorbing visible 

irradiation at a suitable wavelength, its interaction with O2 can occur through two 

mechanisms, defined as Type I and II. A type I mechanism involves the direct or indirect 

electron transfer between the photocatalyst and O2 promoting the formation of ⦁OH and 

⦁O-
2 radicals; whereas the type II occurs by energy transfer involving the formation of 

singlet oxygen (1O2) [134-136]. These reactive species will promote the contaminants 

degradation.  

Thus, there are several review papers in recent literature describing the use of 

tetrapyrrolic macrocycles (phthalocyanines and porphyrins) as homogeneous or 

heterogeneous photocatalysts for photodegradation of organic pollutants including 

antibiotics[1, 134, 137]. In line with our goals of developing hybrid materials for aqueous 

antibiotics photodegradation, we critically selected relevant reports on the field, which 

are presented in Table 1.3. 
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Table 1.3. State of art regarding antibiotics photodegradation using porphyrin-

based heterogeneous catalysts. 

 

#/Ref Catalyst AB Experimental 

Conditions 

Comments 

1[138] TCPP@rGO-Bi2WO6 TC - Matrix: Distilled 

water 

- Visible light (300 W 

Xenon lamp) 

-[ TCPP@rGO-

Bi2WO6] = 0.3 g L-1 

-pH = 7; T = N/A 

- 84% TC removal (60 

min)  

-Mechanism by ⦁O-
2 

and h+ 

-Reutilization cycles: 5 

-Oxidation pathway: 

N/A 

2[139] 10%ZnTCPP@g-C3N4 TC - Matrix: Distilled 

water 

- Visible light (300 W 

Xenon lamp) 

-[ ZnTCPP@g-C3N4] 

= 0.15 g L-1 

-pH = 7; T = N/A 

- 80% TC removal 

(120 min)  

-Mechanism by ⦁OH  

-Reutilization cycles: 5 

-Oxidation pathway 

proposed 

3[140] 12%SnTCPP/30% 

Bi2WO6/g-C3N4 

LEV - Matrix: Distilled 

water 

- Visible light (250 W 

Xenon lamp) 

-[12%SnTCPP/30% 

Bi2WO6/g-C3N4] =  

1 g L-1 

-pH = 7; T = N/A 

- 86% LEV removal 

(150 min)  

-59% TOC release  

(10 h) 

-Mechanism by ⦁OH  

-Reutilization cycles: 

N/A 

-Oxidation pathway 

proposed 

4[141] PCN-224 (300nm) TC 

CIP 

- Matrix: Distilled 

water 

- Visible light (500 W 

Xenon lamp) 

-[ PCN-224] =  

0.25 g L-1 

-pH = 7; T = N/A 

- 92% TC removal 

(180 min)  

-82% CIP removal 

(180 min) 

-Mechanism: N/A 

-Reutilization cycles: 5 

-Oxidation pathway: 

N/A 
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5[142] CuTCPP MOF TC 

NOR 

- Matrix: Distilled 

water 

- Visible light (300 W 

Xenon lamp) 

-[CuTCPP MOF] = 

0.05 g L-1 

-pH = 5-9; T = 25 °C 

- 72% TC removal 

(360 min; pH 5)  

-44% NOR removal 

(360 min; pH 9) 

- Mechanism by ⦁O-
2 

and h+ 

-Reutilization cycles: 

N/A 

-Oxidation pathway: 

N/A 

6[143] CuTCPP@TiO2 OXA 

OTC 

- Matrix: Distilled 

water 

- Solar simulator (300 

W) 

-[CuTCPP@TiO2] = 

0.02 g L-1 

-pH = 7; T = N/A 

- 68% OXA removal 

(40 min)  

- 63% OTC removal 

(40 min) 

- Mechanism: N/A 

-Reutilization cycles: 

N/A 

-Oxidation pathway: 

N/A 

7[144] FeTPP–TDI–TiO2 TC 

NOR 

- Matrix: Distilled 

water 

- Visible light (150 W 

Xenon lamp) 

-[ FeTCPP–TDI–TiO2] 

= 1 g L-1 

-pH = N/A; T = N/A 

- 99% TC removal 

(120 min)  

- 99% NOR removal 

(120 min) 

- Mechanism: N/A 

-Reutilization cycles 

(TC): 5 

-Oxidation pathway 

proposed 

 

The literature regarding the photodegradation of antibiotics is very prolific in the 

use of heterogenized photocatalysts. The tetracycline family has been one of the most 

studied over the last few years and several groups described the TC degradation fate 

incorporating porphyrins onto semiconducting photocatalysts. For instance, Hu et al. 

developed a ternary Z-scheme heterojunction incorporating bismuth tungstate (Bi2WO6) 

with reduced graphene oxide (rGO) and meso-tetra(4-carboxyphenyl)porphyrin (TCPP) 

(Table 1.3, entry 1). Under visible light irradiation (300W Xe lamp), 84% of  

TC degradation was achieved in just 60 min. Authors also demonstrated that the 

mechanism took place by ⦁O-
2 and h+ species and the photocatalyst was reused along  

5 irradiation cycles [138]. Ma et al. developed an heterogeneous photocatalyst constituted 

by the Zn(II) TCPP and the polymeric graphitic carbon nitride (g-C3N4) and applied into 

the TC photooxidation (Table 1.3, entry 2) [139]. The g-C3N4 is a metal-free 

semiconductor with a moderate band gap (~ 2.7 eV), low toxic and high chemical 

stability. It can be easily synthesized by thermal condensation from its precursor  
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(e.g. thiourea or melamine). When used in combination with ZnTCPP, it allowed to 

achieve a 80% of TC degradation in 120 min, as a result of the favourable electrostatic 

linkage formation between the porphyrin’s carboxyl groups and the polymer’s amino 

groups [139]. Meanwhile, the same authors designed a cascade system, by coupling  

Sn(II) TCPP with g-C3N4 and Bi2WO6 (Table 1.3, entry 3) [140]. Particularly, a  

12% SnTCPP/30% Bi2WO6/g-C3N4 exhibited the best photocatalytic performance, 

degrading 85% of LEV in aqueous medium, reaching 59% of TOC release, after 10 hours 

of visible light irradiation with a 250 W Xe lamp. They also tested the material 

reutilization and along 5 reutilization cycles no loss of activity was observed [140]. More 

recently, Zong et al. developed a porphyrin-based zirconium metal organic framework 

(MOF) material, PCN-224, for the photodegradation of TC and CIP (Table 1.3, entry 4) 

[141]. Under visible light irradiation with a 500 W Xe lamp, a 92% and 82% of TC and 

CIP were reached in 180 min, respectively. Authors also performed five reutilization 

cycles without loss of catalytic efficiency. Another example of porphyrin-based MOF 

photocatalyst was given by Zhao et al. (Table 1.3, entry 5) [142]. The author prepared a 

Cu(II) TCPP-based MOF material to photodegrade 72% of TC and 44% of NOR in 360 

min, upon irradiation with a 300 W Xe lamp. The photooxidation pathway occurred 

following a 2nd order kinetic rate involving h+ and ⦁O-
2 species.  

 Furthermore, Gaeta et al. developed a TiO2 nanomaterial based on CuTCPP, 

ZnTCPP and TCPP to photodegrade oxolinic acid (OXA) and oxytetracycline (OTC) 

(Table 1.3, entry 6) [143]. The CuTCPP@TiO2, prepared by adsorption of CuTCPP on 

the TiO2 surface, favoured by strong interactions between the carboxylic acid groups and 

the surface, exhibited the highest catalytic efficiency and under simulated solar 

irradiation, degrading 70% and 60% of OXA and OTC, respectively [143]. Following this 

study, Yao et al. developed a new photocatalyst combining the TiO2 with Fe(II)-TCPP 

bonded through  toluene disocyanate (TDI), used as a bridging molecule,  

FeTCPP–TDI–TiO2 (Table 1.3, entry 7). This hybrid material was able to fully degrade 

TC in 2 h of visible light irradiation, using a 150 W Xe lamp. The authors additionally 

performed five cycles of photocatalyst reutilization. The study was further extended to 

the complete photodegradation of NOR [144]. 

The works herein discussed reveal the topicality of this field and converge to our 

goals of promoting the immobilization of porphyrins to implement a heterogeneous 

photodegradation processes to degrade antibiotics, directly in aqueous medium. 
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1.5 Development of new pharmaceutical multicomponent solid 

forms: upstream approach  

As mentioned above, the development of effective AOPs for the degradation of 

antibiotics may be a highly pursued goal, but it is not the only way to mitigate their 

presence in the environment, especially in water domains, and to prevent AMR 

proliferation. In our perspective, it is also reasonable to invert the thinking, by finding 

novel protocols to reduce the impact of pharmaceutical drug administration, in an 

upstream approach. Thus, bearing that in mind, we also directed our focus towards this 

issue, and propose developing new pharmaceutical solid forms with a lower antibiotic 

load, aiming to diminish antibiotics needs. These new solid forms should impact on the 

API aqueous solubility/dissolution rate and therefore on its oral bioavailability, and/or 

use co-formers that can contribute to an enhanced antibiotic activity.  

The majority of pharmaceuticals are given to patients in solid-state forms, such as 

powders, tablets or capsules, as these are cheaper, more stable and easier to administrate. 

During the early 21st century, both academia and industry increased their interest on active 

pharmaceutical ingredient (API) solid forms, due to their potential to impact on the 

performance of drugs orally taken [145-147].  For instance, many APIs are characterized 

by their poor aqueous solubility, being included in the Biopharmaceutical Classification 

System (BCS) classes II and IV [148], Scheme 1.2, meaning hard consequences in terms 

of low absorption and oral bioavailability [149-151].   

 

Scheme 1.2 Schematic representation of Drugs BCS classification. 
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The physicochemical properties of solid forms depend on their composition, on 

the packing, and relevant properties such as stability, aqueous solubility, dissolution rate, 

antibacterial activity may be eventually tuned by screening the most effective solid form.  

Active pharmaceutical ingredients solid forms can be divided into amorphous and 

crystalline (Scheme 1.3). 

 

Scheme 1.3 Schematic classification of the main solid-state pharmaceutical 

forms. 

 

Amorphous solids are metastable phases characterized by the absence of long-

range order. They can be single component and may be kinetically stabilized by 

dispersion in a solid matrix, usually a polymeric one [152]. Co-amorphous are 

multicomponent amorphous materials made up of the API and of low molecular weight 

co-formers, that contribute to kinetic stabilization due to mixing effects and 

intermolecular interactions [153, 154]. 

Crystalline forms can also be subdivided in single-component and multi-

component solids. The first class is limited to polymorphs, suggesting a narrow possibility 

to tune the physicochemical properties [155]. Multicomponent crystalline solids include 

salts, solvates/hydrates, co-crystals, ionic co-crystals, salt solvates, co-crystal solvates, 

eutectic mixtures [156-158] (Scheme 1.3).  

The use of salts has been the most common approach to modulate the APIs’ 

physical properties, and more than half of the commercialized drugs are administrated as 

salt forms [159]. Salt formation is predicted to occur when the  

ΔpKa = pKabase – pKaacid > 3 [160] and are preferred, as they significantly increase the 
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solubility of drug molecules. As an example, a study was performed, where three salts 

were prepared combining norfloxacin, BCS class IV [161], with succinic, malonic and 

maleic acids, as well as a co-crystal of norfloxacin and isonicotinamide [162]. After 

equilibrating for 72 h, the apparent aqueous solubility was measured:  0.21 mg/mL for 

NOR, whereas for the co-crystal it was 0.59 mg/mL and 3.9 mg/mL and 9.8 mg/mL for 

the malonate and the maleate salts, respectively. These results demonstrated the ability of 

salts (and of co-crystals) to increase the API solubility.  Salt formation is limited, of 

course, to APIs that have acidic or basic groups. There is also a limited number of 

counterions that are pharmaceutically acceptable [163]. 

Co-crystals are formed by the API and one or more pharmaceutically acceptable 

co-formers. The United States Food Drug and Administration (FDA) published a 

guidance to regulate the classification of pharmaceutical co-crystals in 2018, in which co-

crystal was defined as “crystalline material composed of two or more different molecules, 

typically API and co-formers, in the same crystal lattice” [164]. The components do not 

interact to form a salt, and all of them are solids, when pure at ambient conditions (which 

distinguishes co-crystals from solvate/hydrates [165]). In the co-crystal structure, 

supramolecular synthons are the smallest structural units within the “supermolecules”, 

which can be assembled via intermolecular interactions [166]. Supramolecular synthons 

can be divided in two main groups (Figure 1.8): homosynthons, for instance carboxylic 

acid dimer (Figure 1.8 A) and amide dimer (Figure 1.8 B), and heterosynthons, such as 

carboxylic acid-amide (Figure 1.8 D) and carboxylic acid-aromatic nitrogen (Figure 1.8 

C).  

 

Figure 1.8 Some common supramolecular synthons found in co-crystals. 
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The intermolecular forces involved in the synthon’s connections are mostly 

hydrogen bonds, due to their directionality and its natural abundance. Among all, van der 

Waal forces, halogen bonds and π-π interactions in aromatic structure also contribute to  

co-crystal formation [167]. When the heterosynthon is formed between an acid group and 

a basic one, the distinction between a co-crystal and a salt is sometimes not 

straightforward, as it depends on the relative position of the hydrogen atom between the 

donor and the acceptor groups [168]. 

The co-former choice is the key step in pharmaceutical co-crystal development. 

A large number of potential co-formers can be chosen, such as compounds from FDA’s 

Everything Added to Food in the United States (EAFUS) or Generally Recognized as 

Safe (GRAS) lists: any excipient, neutral, acid or basic substance could be considered as 

long as it is pharmaceutically acceptable. The co-former needs to hold certain features, 

such as complementary functional groups which can, a priori, interact with the API 

forming supramolecular synthons [169]. This is a starting guideline, however, despite 

some attempts to try to predict co-crystal formation [170-174], this is still largely a trial-

and-error task. Furthermore, an additional API could be used as co-former, forming multi-

API co-crystals, in order to enhance properties and biological activity of one or both APIs 

in the new solid form [175]. For instance, the meloxicam-aspirin co-crystal compared 

with meloxicam, decreased the time required to reach the human therapeutic 

concentration [176]. Among the limited reports presented in literature, amoxicillin-

clavulanate co-crystal is also another relevant example, since this combination improved 

the antibiotic activity against non-beta lactamase bacterial, Sarcina lutea [177].  

Co-crystal formation may also be preferred when one of the API presents polymorphism. 

The new co-crystal form can also improve the stability of each component, avoiding 

undesired alterations in the drug’s performance due to a change between polymorphs 

[178]. Other substances that have been used as co-formers are nutraceuticals, such as 

flavonoids and vitamins, which are molecules found in food, with medical and health 

benefits [175, 179]. Despite their poor bioavailability, these compounds provide  

cost-effective synergic combinations, when in co-crystal form, improving 

physicochemical properties, in combination with the API [180].  

Several reports are available in literature concerning the determination of the 

dissolution rate of co-crystals of poorly water-soluble APIs with reference to increase in 

this parameter when using the co-crystal with respect to their pure components [181]. For 
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instance, for indomethacin, which is a non-steroidal anti-inflammatory drug (NSAID) and 

a BCS class II, an higher dissolution rate in phosphate buffer (pH = 7.4) has been 

described for its co-crystal with saccharin than that of δ-indomethacin [182]. A 

fenofibrate, (BCS class II), co-crystal with nicotinamide exhibits a higher dissolution rate 

than the raw API [183]. Curcumin shows similar results when in combination with 

hydroxyquinol [157]. In this case, curcumin may form two co-crystals with stoichiometric 

ratios of 1:1 and 1:2 in which the 1:2 co-crystal exhibited enhanced dissolution rate 

compared to the 1:1 one and raw curcumin. Solvated/hydrated co-crystals are 

characterized by the presence of solvent or water molecules in the crystal structure. In 

several cases, these molecules are essential to preserve the crystalline structure, as the 

structure may collapse after these molecules’ removal.   

In addition, binary eutectic mixtures are multicomponent solid dispersions that 

may be obtained for components that are immiscible in the solid state (or only residually 

miscible) and miscible in the liquid phase. They correspond to the composition of the 

invariant point in a binary solid-liquid phase diagram, at constant pressure. Cherukuvada 

and Nangia recently defined them as “conglomerates” in which molecules with similar 

structure are held together by strong interactions while those ones with different structure 

are stabilized by weaker adhesive interactions. These forms are characterized by lower 

melting points if compared to the single components [184, 185]. For instance, some 

authors developed several binary eutectic mixtures combining curcumin, with reported 

antitumoral, antimalarial and antibacterial properties, with nicotinamide, 

hydroxyquinone, p-hydroxybenzoic acid, tartaric acid, ferulic acid and salicylic acid with 

different mole fractions of coformers (0.67, 0.5, 0.5, 0.5, 0.5 and 0.67 respectively) [186]. 

All the obtained eutectic mixtures revealed an enhanced dissolution rate of curcumin 

when compared with raw curcumin. 

A wide range of different experimental multicomponent solid forms screening 

methods have been developed, based on conventional solvent-based methods, besides 

those that do not require the use of solvents. These methods can be divided into: i) solid-

state methods including grinding, contact formation and extrusion; ii) solution-based 

methods, consisting of solvent and slow cooling evaporation and vapour diffusion; iii) 

supercritical fluid methods such as supercritical CO2-assisted spray drying and 

crystallization with supercritical solvent and iv) miscellaneous co-crystal preparation for 

instance by freeze and spray drying and electrospray technology [187].  
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Since one of the goals of this thesis is to avoid the antibiotics accumulation in the 

environment, as we mentioned previously, our primarily intent was to develop new 

multicomponent solid forms, using TMP as API and co-formers, directing our 

methodology to the use of solid-state methods such as mechanochemistry, dry or liquid-

assisted grinding techniques [166]. To that respect, mechanochemistry is, currently, one 

of the green and sustainable methods to develop multicomponent solid forms, due to its 

advantageous properties such as easy, cheap and eco-friendly operational conditions and 

fast reaction rates.  

 

1.6 Work proposal 

The main goals of this thesis were designed to evidence our perspective on the 

development of effective strategies to prevent the accumulation of antibiotics in the 

environment and concomitant AMR spread. We will consider two main strategies to deal 

with this global matter: a “downstream” approach and an “upstream” approach. The first 

is an “a posteriori” viewpoint, focusing on the destruction of antibiotics after their 

utilization by humans, i.e., present in the environment, particularly in wastewaters, using 

AOPs based on heterogenized porphyrin (photo)catalysts and benign oxidants, e.g. H2O2 

and O2 (Chapter 2). The second strategy, an “a priori” methodology, proposes the 

discovery of new pharmaceutical multicomponent solid forms using lower antibiotic 

loads that could, ideally, reduce antibiotic human intake and, consequently, lower the 

environmental fate of antibiotics and its accumulation (Chapter 3) (Scheme 1.4).  

 

Scheme 1.4 Thesis graphical abstract. 
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In Chapter 2, our intent is to go beyond the state of the art and develop sustainable 

highly efficient catalytic systems based on hybrid materials incorporating porphyrins and 

metalloporphyrins, as this type of compounds is quite promising and still underexplored 

in antibiotic oxidation. The first part of Chapter 2 is focused on heterogeneous metal 

complex catalysed oxidative degradation of antibiotic TMP, in presence of hydrogen 

peroxide as benign oxidant. Its specific goals include preliminary evaluation of ideal 

metalloporphyrin properties, such as stability and catalytic activity. Then its covalent 

immobilization onto inorganic supports, e.g. functionalized silica gel and magnetic 

nanoparticles, will be pursued in order to fully evaluate the heterogeneous catalysts in the 

aqueous TMP degradation.  

In the second part of Chapter 2, an hybrid photocatalyst will be developed, by 

encapsulating porphyrin into acetylated lignin, chosen as suitably sustainable support. 

This novel hybrid material will be implemented in the heterogenized photocatalytic 

degradation of TMP, using a 400 W mercury UV-Vis lamp as irradiation source. Then, 

this system is extended to other antibiotics’ photodegradation.   

Additionally, concerning the “a priori” perspective, Chapter 3 focuses on the 

development of new solid state-forms, using TMP as API. Pharmaceutically acceptable 

co-formers were chosen from the GRAS and EAFUS lists, aiming to improve TMP 

performance, with a lower loading within the formulations, in order to prevent the 

antibiotics accumulation in water by human use/excretion. The inhibitory activity of the 

new TMP solid-forms obtained will be evaluated against E. coli and S. aureus and 

dissolution tests will be also performed.  
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Chapter 2 

Synthesis, characterization and applications of porphyrin-based 

catalysts in the degradation of antibiotics 

 

2.1 Trimethoprim and sulfamethoxazole as target antibiotics 

As mentioned in the introduction, trimethoprim and sulfamethoxazole (TMP and 

SMX) are currently among the most prescribed antibiotics, showing high persistency, due 

to recalcitrant nature for the former and sufficient hydrophilicity of the latter [1-7]. They 

are usually used in a 1:5 fixed dose combination (FDC), having the common name of co-

trimoxazole, commercially known as Bactrim [8]. They may be administered as two 

single entity products or combined in a “finished pharmaceutical product” [9]. These FDC 

drugs have been implemented for their advantages, particularly on improvement of 

treatment responses, when compared to monotherapies, due to synergistic mechanisms 

[9, 10]. Actually, TMP and SMX are synergistically used to treat and prevent a wide range 

of bacterial infections [11]. The World Health Organization (WHO) has listed them as 

some of the essential drugs required in a basic health system [12]. Sulfonamides began to 

be considered antimicrobial chemotherapeutic agents when, in 1932, the German scientist 

Domagk discovered the protective activity of sulfachrysoidine against streptococcal 

infections [13]. In the late 1930s, the simplest sulfonamide was studied and modified to 

reduce side effects and improve the activity, for example in urinary infections. However, 

only in the late 60s, Bushby and Hitchings reported the ability of TMP to enhance the 

effect of sulfonamide and, in 1974, TMP-SMX became a prescribed medication [14] 

(Figure 2.1). 

 

Figure 2.1 Chemical structures of TMP and SMX. 
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The FDA approved the use of TMP-SMX for many types of illnesses, such as 

urinary tract infections [15, 16], respiratory tract infections and cholera, methicillin-

resistant Staphylococcus aureus skin infection [17-19], otitis in children and acute 

exacerbations of chronic obstructive pulmonary disease [20-22]. Moreover, it is also used 

to cure and prevent pneumocystis pneumonia and toxoplasmosis in people with 

HIV/AIDS and other causes of immunosuppression [8, 23]. Taking this into account, it is 

conceivable and well documented that the use of SMX-TMP is one of the highest in the 

world [24]. In fact, after leading a survey on the global consumption of antibiotics 

between 2000 and 2010, Van Boeckel revealed that the use of trimethoprim is among the 

five most used antibiotics worldwide and, especially in association with sulfonamides, is 

the fourth most consumed medicament in the world, after penicillins, macrolides, and 

fluoroquinolones [3, 25].  

TMP and SMX are also administrated in combination and solely, for veterinary 

purposes, particularly to prevent and treat several animal bacterial diseases [26-29], for 

instance in the treatment of chicken diseases caused by pathogenic bacteria. Both have 

been frequently detected in various water domains [30], such as untreated municipal 

wastewaters [31, 32], hospital effluents [33], surface waters contaminated by 

pharmaceutical industries [34], in concentrations ranging from 10 to 2000 ng L-1 [1-6]. 

Particularly, Verlicchi and coworkers reported in 2012 the highest concentration of TMP 

and SMX detected in secondary effluents, of 6.7 and 5 µg L-1, respectively [7]. Since 

TMP and sulfonamides showed a high persistency, due to the recalcitrant nature for the 

first one and sufficient hydrophilicity of the second, both revealed considerable resistance 

to degradation.  

It is accepted by the scientific community that these antibiotics’ “pseudo-

durability” in water environments for a long time may result in the development of 

antibiotic-resistant bacteria [35]. Bearing that in mind, in this chapter we describe two 

different strategies to degrade TMP: the first involves the antibiotic’s oxidation using 

metalloporphyrin-based as catalysts, in presence of hydrogen peroxide as benign oxidant 

and the second uses porphyrin-based photocatalysts to promote antibiotic’s degradation 

the presence of light and air as oxidant.  

As mentioned in introduction, our first goal was to covalently immobilize a stable 

meso-aryl porphyrin onto suitably functionalized inorganic supports, such as silica gel 

and magnetic nanoparticles (MNPs), aiming to implement a heterogeneous reusable 

https://en.wikipedia.org/wiki/Pneumocystis_pneumonia
https://en.wikipedia.org/wiki/Toxoplasmosis
https://en.wikipedia.org/wiki/HIV/AIDS


Chapter 2 – Results      

 

53 

system for the aqueous oxidative degradation of TMP, in presence of H2O2 as benign 

oxidant.  

 

2.2 Synthesis of metalloporphyrins for homogeneous catalytic 

systems 

One of the premises set in the design of this work was the knowledge that 

substitution in porphyrin’s meso positions by electron-withdrawing groups, particularly 

chlorine at the ortho-positions of meso-phenyl groups, increases the porphyrin’s stability 

against self-oxidation, providing both electronic and steric protection [36-40].  

Regarding their synthesis, there are several methodologies providing symmetric 

meso-aryl porphyrins reported in literature [41-45]. In this work we followed the 

Nitrobenzene and NaY/Nitrobenzene [46, 47] approaches and the Water/MW (MW = 

microwave) [48] synthetic methods, as previously developed in Catalysis and Fine 

Chemistry group in Coimbra. These are one-step methodologies that allow a synthesis 

without using toxic quinones as oxidants [49]. The first two procedures just differ in the 

use of the NaY zeolite, as solid reusable Lewis acid catalyst that increases the activation 

of the aldehyde function towards nucleophilic attack. Furthermore, following the 

development of environmental sustainable processes, we extended the preparation of the 

tetrapyrrolic macrocycles to Water/MW synthetic method, where the polluting organic 

solvents are substituted by water, which is used as a pseudo-organic solvent at high 

temperatures and pressures [48]. Considering the nitrobenzene-based methods, in a 

typical experiment, pyrrole and the desired aldehyde, in equimolar amounts, were added 

in a mixture of glacial acetic acid/nitrobenzene (2:1) and, in absence (first method) or 

presence of NaY (second method), the reaction mixture was left under reflux, along 1 h 

or 2 h, respectively (Scheme 2.1 i and ii). Using the Water/MW method, in a typical 

experiment, equimolar amounts of aldehyde and pyrrole were put in a microwave vessel 

of 10 mL with distilled water. The reaction was left under microwave irradiation  

(Pmax = 300 W) at 200 °C for 10 minutes (Scheme 2.1 iii). It is worth mentioning that, in 

all cases, addition of methanol favored porphyrin’s precipitation from reaction mixture. 
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Scheme 2.1 Synthesis of porphyrin 1 and 2 using i) Nitrobenzene method 

(mixture of CH3COOH/Nitrobenzene, 140 ºC and 1 h), ii) NaY/Nitrobenzene method 

(mixture of CH3COOH/Nitrobenzene, NaY, 145 ºC, 2 h) and iii) Water/MW method (300 

W, 200 ºC and 10 min). 

 

The yields obtained on the synthesis of porphyrins 1 and 2, using the three 

methods described above, are reported in Table 2.1.  

Table 2.1 Yields obtained for the two porphyrins using the three methods. 

Entry Porphyrin Method Yield (%) 

1  

1 

Nitrobenzene 24 

2 NaY/Nitrobenzene 35 

3 Microwave/water 20 

4  

2 

Nitrobenzene 3 

5 NaY/Nitrobenzene 8 

6 Microwave/water 5 

 

The porphyrin 1 was synthesized using the three methods in yields of 24% (Table 

2.1, entry 1), 35% (Table 2.1, entry 2) and 20% (Table 2.1, entry 3), while 2 was obtained 

in of 3%, 8% and 5% yields (Table 2.1, entries 4, 5 and 6) respectively. The 

NaY/Nitrobenzene offered the best porphyrin yields, however, the Water/MW method 

was preferred, due the more sustainable and green operational conditions, particularly 
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considering the use of toxic solvents and reaction times. These results are in agreement 

with previously described ones. 

To study the porphyrin’s structural influence in the homogenous degradation of 

the antibiotics, it was necessary to prepare water-soluble catalysts. To accomplish that, 

we envisaged the introduction of chlorosulfonyl group at the porphyrin’s periphery, using 

the method reported by Gonsalves and Pereira [50]. In a typical experiment, porphyrins 

1 and 2 were dissolved with 8 equivalents of chlorosulfonic acid at 25ºC, for one hour 

(porphyrin 1), or at 100 °C for two hours (porphyrin 2), Scheme 2.2. 

 

Scheme 2.2 Synthesis of chlorosulfonated porphyrin 3 and 4. 

 

The chlorosulfonated products, (3 and 4, Scheme 2.2), were isolated using a 

homemade continuous water extraction process, which removed the organic acids 

present. After standard work up, compounds 3 and 4 were either used directly in SN 

reactions for immobilization in inorganic supports (section 2.4) or hydrolyzed to yield the 

water-soluble sulfonated porphyrins 5 and 6, by refluxing 3 and 4 in water for 12 hours, 

respectively (Scheme 2.3). Compounds were isolated in 70% and 75% yield, respectively, 

in agreement with literature [51].  
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Scheme 2.3 Synthesis of hydrolyzed porphyrins 5 and 6. 

 

Finally, the last step to obtain the desired metal complex catalyst to perform the 

oxidative degradation of antibiotics, consisted in the porphyrin’s metalation. The meso-

tetraaryl porphyrins 5 and 6 were complexated with Mn(II) and Co(II) salts, using 

literature procedures, particularly the Wijesekera and Dolphin’s method [52] to obtain 7 

and 8, in which a mixture of acetic acid and sodium acetate is used, and Adler’s method 

[43] which used DMF as solvent, to obtain porphyrin 9, Scheme 2.4. 
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Scheme 2.4 Synthesis of metalloporphyrins 7-9 using Mn(II) and Co(II) salts. 

 

Thus, in a typical experiment, the sulfonated porphyrin and an excess of 

manganese(II) acetate tetrahydrate were dissolved in acetic acid and sodium acetate was 

added. The mixture was heated at 100 °C for 1 hour, checked by TLC and UV-Vis. The 

desired compound was obtained by crystallization using ethyl acetate to precipitate both 

6 and complexated porphyrins, 7 and 8. Upon filtration, the solids were washed with 

isopropyl alcohol, to remove any residual impurities as well as the free-base sulfonated 

porphyrin, providing the desired complexated ones.   



Chapter 2 – Results      

 

58 

 

Figure 2.2 Normalized UV-Vis spectra of a) TPP (1, black line) and MnTPPS (7, 

red line) and b) TDCPP (2, black line) and MnTDCPPS (8, red line). The spectra were 

recorded in DMSO.  

 

Figure 2.2 shows the differences between free base porphyrins 1 and 2, and their 

manganese(III) complexes, 7 and 8, respectively. Generally, the characteristic UV-Vis 

spectrum of the free base porphyrin shows its Soret band as the one with the highest 

absorptivity molar coefficient (ε), near 420 nm, whereas the other four bands, the Q bands, 

present a much lower intensity [53]. When the porphyrin forms a metallic complex, its 

UV-Vis spectrum changes and usually shows a bathocromically shifted Soret band, 

always characterized by a high ε and only two Q bands due to the change in the molecule’s 

symmetry, from D2h into D4h [54]. In this case, the Soret band appeared at 416 nm for 

porphyrin 1, (Q bands at 515, 547, 589 and 646 nm) and at 417 nm for porphyrin 2 (with 

Q bands at 515, 547, 583 and 652 nm). Upon metalation, porphyrins’ Soret bands 

displayed a bathochromic shift, at 466 nm for 7 and 463 nm for 8. The bathochromic shift 

deriving from the metalation with manganese has been already reported in literature [55]. 

In the case of Co(II) complexation reaction, the porphyrin 9 and the cobalt(II) 

acetate tetrahydrate were dissolved in the minimum amount of DMF, heated until reflux 

and left for 1 hour at that temperature. The metalation was also monitored by TLC and 

UV-Vis. After reaction completion, since the desired porphyrin was soluble in water, the 

complex 9 was simply obtained by precipitation, using diethyl ether. The UV-Vis spectral 

Soret band of cobalt porphyrin complex was coincident with the TDCPP’s Soret band, at 

416 nm, but the evidence of metalation could be corroborated by the transformation of 

the four Q bands into two Q bands (Figure 2.3). 
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Figure 2.3 UV-Vis spectra of TDCPP (2, black line) and CoTDCPPS (9, red line). 

The spectra were recorded in DMSO.  

  

The metalloporphyrins 7-9 were obtained in 89%, 88% and 80% isolated yields, 

respectively. Moreover, all synthesized porphyrins and metalloporphyrins were fully 

characterized by NMR and mass spectrometry, and the characterization data is in 

agreement with the literature (Chapter 4). 

 

2.3 Homogeneous catalytic degradation of TMP 

As mentioned in the introduction, the biomimetic metalloporphyrins have already 

been reported in literature to promote the oxidation of water pollutants [56-60]. However, 

since the use of metalloporphyrins was yet undisclosed in the degradation of antibiotics 

[61] at the beginning of this work, their evaluation as catalysts in the degradation of 

trimethoprim was devised and implemented. 

The studies began by performing the degradation experiments under homogenous 

conditions, to obtain a structure-property relationship regarding the metalloporphyrin 

catalysts. In a typical experiment, the metalloporphyrins 7-9 and the TMP  

([TMP] = 0.23 mM) were dissolved in distilled water. A 900:1 ratio between the TMP 

and the catalyst was chosen, and the reaction was performed at room temperature (25 °C) 

under stirring and using H2O2 (30% w/v) as benign oxidant. The reaction started by slowly 

adding 30 μL of H2O2 (30% w/v) and then additional H2O2 aliquots were added each  

15 minutes, until reaching a total volume of 300 μL, corresponding to a 2.6 mmol totally 
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added, and proceeding for 150 minutes. In Table 2.2, the degradation results are reported 

for each catalyst tested. 

Table 2.2 Homogeneous aqueous degradation of TMP, using metalloporphyrins 

7-9 as catalysts and hydrogen peroxide. 

 

Entry Catalysta) Degradationb) (%) 

1 (7) MnTPPS 7 

2 (8) MnTDCPPS 95c) 

3 (9) CoTDCPPS 15 

a) number of moles of catalyst: 5.0 × 10-9 mol; b) TMP (1.3 mg, 4.5 × 10-6 mol); TMP:Cat ratio = 900:1;  

V H2O2 (30%) = 30 µL added each 15 minutes; Vtotal [H2O2 (30%)] = 300 µL; time = 150 min; c) after 90 min. 

 

Each 15 minutes, before the addition of more 30 μL of H2O2 (30% w/v), an aliquot 

of reaction mixture was taken to be injected into the HPLC equipment to follow the 

degradation. In this case, it was intended to analyze the influence of porphyrin structure 

and the effect of the metal complexated inside the tetrapyrrolic macrocycle. Regarding 

the effect of the porphyrin structure, it was observed that the Mn(III) catalyst 7 led to a 

7% oxidative degradation in 150 min (Table 2.2, entry 1), whereas Mn(III) catalyst 8 gave 

95% TMP degradation in just 90 minutes (Table 2.2, entry 2). This difference may be 

attributed to the catalysts’ stability, since porphyrin 7 has no substituents at the meso-

phenyl rings, while 8 presents chlorine atoms at the ortho-positions of meso-phenyl 

groups. Literature reports many studies demonstrating that the presence of electron 

withdrawing atoms at the ortho-positions of meso-phenyl groups increase the porphyrin’s 

stability against self-oxidation, providing both electronic and steric protection [36-39]. 

Nevertheless, each reaction was monitored by UV-Vis in order to corroborate these 

assumptions and the spectra are reported in Figure 2.4. 
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Figure 2.4 UV-Vis spectra recorded in distilled water at the end of the reaction 

by using catalyst 7, reported with black line, and catalyst 8, in red line. 

 

The UV-Vis spectrum taken from an aliquot of the reaction mixture, after  

150 min, clearly shows that the typical metalloporphyrin Soret band at 463 nm, was still 

present for catalyst 8 (red line), whereas it disappeared for catalyst 7 (black line). These 

results indicate that MnTDCPPS (8) is stable to this oxidation reaction conditions, while 

MnTPPS (7) suffers oxidative cleavage as previously described for other catalytic 

systems [37, 62]. 

The effect of the central metal used was also evaluated. As reported in Table 2.2, 

the catalyst 8 promoted 95% TMP degradation in just 90 minutes (Table 2.2, entry 2), 

while 9 only gave 15% of TMP degradation in 150 minutes (Table 2.2, entry 3).  

 

Figure 2.5 UV-Vis spectra recorded in distilled water at the end of the reaction 

when using 8, red line, and 9, black line. 
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Once again, we evaluated the catalyst stability by UV-Vis (Figure 2.5) and 

observed that catalyst 8 remained stable after the addition of the 300 µL of hydrogen 

peroxide, while the catalyst 9 was completely degraded, after the same 150 min reaction 

time (Figure 2.5). Despite the presence of chlorine atoms at the ortho positions of the 

phenyl rings in both catalysts, the metal ion influenced the catalyst stability due to the 

formation of different species (Scheme 2.5).  

 
Scheme 2.5 General pathway for the formation of a) Co and b) Mn active 

species.  

 

As depicted in the Scheme 2.5 a, for the Co(II) complexes, the Co(II) 

hydroperoxide species is transformed into the Co(III)=O oxo-species, liberating OH· 

radicals that can easily react with 9, causing its degradation. Contrarily, in the Mn(III) 

complexes, the Mn(III) hydroperoxide species are transformed into Mn(V)=O via 

heterolytic cleavage, releasing the non-reactive OH- (Scheme 2.5 b) [63]. 

In addition, UV-Vis spectroscopy was also used to check the antibiotic 

degradation, recorded before starting the experiment and after reaction (Figure 2.6). 
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Figure 2.6 Normalized UV-Vis spectra recorded in distilled water using 8 at the 

beginning of reaction (black line) and at the end of the reaction (red line). 

  

TMP is visible by UV-Vis and showed a peak at 273 nm, recorded at reaction time 

= zero, whereas a shift of this peak was observed around 321 nm, attributed to oxidized 

products, after degradation reaction (Figure 2.6).  

In parallel, the degradation was also followed by HPLC, by taking aliquots of the 

reactions before each H2O2 addition (Figure 2.7 a). 

 

Figure 2.7 a) Homogeneous catalytic degradation TMP curves for each catalyst 

tested 7-9; b) Kinetic curves of homogeneous TMP degradation. 

 

The reaction profiles, when homogeneous catalysts 7 and 9 were used (Figure 2.7 

a), showed linearity, exhibiting low activities which could be considered negligible along 

the time, 7% and 15% respectively. On the other hand, considering the experiment with 
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8 (Figure 2.7 a) black line), the reaction pathway showed an exponential behavior, and a 

95% of degradation could be achieved after 150 minutes, as the asymptotic trend of the 

degradation curve suggests. 

Considering the literature, the catalytic homogeneous oxidation of most organic 

pollutants follows the Langmuir-Hinshelwood (L-H) kinetic model. So, we calculated the 

kinetic constant for each of the three reactions making an approximation (Figure 2.7 b) 

[64, 65]. We were able to calculate the apparent first-order rate constant, kapp, considering 

that, at zero time, the chemical concentration is 1 millimolar solution. So, we considered 

this simplified equation (Eq. 2.1): 

ln (
C0

Ct
) = 𝑘𝐾t =  kappt                                                                      (2.1) 

where Ct and C0 are the TMP concentration at a designated time (t) and at zero time, 

respectively, k the reaction rate constant (mg L-1 min-1), K the adsorption coefficient of 

the reactant (L mg-1) and t is the time.  

Table 2.3 kapp values calculated in the homogeneous aqueous degradation of 

TMP, using metalloporphyrins as catalysts 7-9 and hydrogen peroxide as green oxidant. 

 

Entry Catalysta) kapp
b) (min-1) 

1 (7) MnTPPS 5.33 × 10-4 

2 (8) MnTDCPPS 3.13 × 10-2 

3 (9) CoTDCPPS 8.67 × 10-4 

a) number of moles of catalyst: 5.0 × 10-6 mol; 
b) apparent rate constant (kapp) calculated by the 

simplified equation ln
[𝑇𝑀𝑃]0

[𝑇𝑀𝑃]𝑡

= 𝑘𝑎𝑝𝑝𝑡. 

 

Plotting the values of ln C0/Ct versus time, the slope of the linear regression was 

the value of kapp (Figure 2.7 b). It could be observed that, when catalyst 8 was used, the 

reaction proceeded with an apparent rate constant of 0.0313 min-1, whereas in the 

presence of the others two porphyrins, 7 and 9, the reaction was 62× and 36× slower, 

respectively. We can conclude that the porphyrin 8 was the best catalyst in the 
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homogeneous oxidation of TMP, due to its higher activity and stability against self-

oxidation. 

 

2.4 Synthesis and characterization of hybrid materials for 

heterogeneous catalysis 

As mentioned before, the goal was to find the most stable metalloporphyrin to use 

in the heterogeneous degradation of the ABs. The immobilization of the metalloporphyrin 

in an inorganic support is a major driving force in our studies, since it enables the catalyst 

reutilization, simultaneously offering protection, to a certain extent, against its 

degradation. In literature, several immobilization methods, as well as various inorganic 

solid supports, have been already reported, allowing the development of new hybrid 

organic–inorganic materials based on tetrapyrrolic macrocycles, to conjugate the best 

performance of both fields [66].  

In this chapter, suitably functionalized magnetic nanoparticles (MNPs) and silica 

gel (SiO2) were chosen as inorganic platforms for the development of the heterogeneous 

catalysts, with particular focus on the immobilization via covalent bonding of the 

metalloporphyrin to the inorganic support. This type of immobilization guarantees the 

maintenance of the tetrapyrrolic macrocycle into/onto the inorganic support, avoiding 

leaching [61]. This choice was led by the attractive advantages in the use of MNPs and 

silica as supports. In fact, on the one hand, MNPs are widely recognized in literature for 

their low toxicity and superparamagnetic properties [67] and their easy recovery and 

reutilization by applying an external magnet [68-70]. On the other hand, silica is used as 

solid support in heterogeneous catalysis for its abundance, low cost, easy handling, non-

corrosive nature, low toxicity and relatively simple separation after reaction [71-73]. 

 

2.4.1 Synthesis, functionalization, and characterization of MNPs 

Following previous studies described in the literature on the synthesis of MNPs, 

the magnetic nanoparticles were obtained using the methodology depicted in Scheme 2.6, 

starting from the synthesis of magnetite, Fe3O4, followed by silica coating and finally 

amine functionalization [74, 75].  
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Scheme 2.6 Synthesis and functionalization of magnetic nanoparticles, MNP@ 

NH2, 12. 

 

Fe3O4 was obtained by co-precipitating Fe2+ and Fe3+ ions in basic conditions. A 

mixture of an aqueous solution of 1 M FeCl3 and a 2 M HCl solution of FeCl2 was added 

to a 1 M aqueous NH3 and stirred for 30 min. The nanoparticles were washed with acetone 

and re-dissolved in distilled water. Then, MNPs were stabilized by adding oleic acid 

dropwise, previously dissolved in acetone, under vigorous mechanical stirring for 30 min. 

Finally, the stabilized MNPs were recovered by an external magnet, dispersed in 

cyclohexane and centrifugated to remove the non-stabilized nanoparticles. A stock 

solution of 72 mg of MNPs mL-1 in cyclohexane was obtained.  

The coating with silica was carried out according to the microemulsion method 

(Scheme 2.7) [76]. 

 

Scheme 2.7 Reverse microemulsion methodology for MNP@SiO2, 11. 
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Firstly, the Igepal CO-520® was dispersed in cyclohexane to form micelles (A). 

Then, the MNPs, previously prepared, were added to promote ligand exchange between 

the oleic acid and the Igepal CO-520® (B). After that, an aqueous solution of ammonium 

hydroxide was added to this microemulsion, to fill the residual micelles of Igepal CO-

520® interior (C). Subsequently, tetraethyl orthosilicate (TEOS), was added dropwise 

and the reaction was carried out for 16 h, under mechanical stirring (300 rpm). The TEOS 

hydrolysis occurs in the oil/water interface permitting the ligand exchange to the water 

(D). The condensation of hydrolyzed TEOS promotes the growth of silica coating around 

MNPs (E). The system was left for 16 h, under stirring (300 rpm) and at room 

temperature. After this period, the MNPs were precipitated with methanol and recovered 

by centrifugation (7000 rpm, 30 min) and washed several times with ethanol. Finally, 

silica coated nanoparticles (11) were dried at room temperature for 24 h and calcinated at 

500 ºC for other 2 h (F).  

The nanoparticles (11) were characterized by transmission electron microscopy 

(TEM) to observe the nanoparticles morphology before and after the silica coating 

(Figure 2.8 a and c, respectively). TEM images of oleic acid stabilized MNP showed 

nanoparticles with a mean size of ~ 5.5 nm (Figure 2.8 b); whereas (11) MNP@SiO2 

presented a mean size of ~ 44.5 nm (Figure 2.8 d). 

 

Figure 2.8 TEM images of: a) MNP stabilized in oleic acid; b) MNP size 

distribution histogram; c) MNP@SiO2; d) corresponding size distribution histogram. 
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The functionalization of 11 was carried out using 3-aminopropyltriethoxysilane 

(APTES), in dry toluene for 2 h, following the Grobet’s method [77]. Then, after washing 

procedures and centrifugation, the amino-functionalized MNP@NH2, 12, were collected. 

The material was characterized by TG (Figure 2.9 a) and FTIR analysis (Figure 2.9 b).  

 

Figure 2.9. a) TG curve of MNP@NH2 (weight loss- black line); b) FTIR spectra 

of MNP@SiO2 (red line) and MNP@NH2 (black line). 

 

The thermogravimetry was recorded between 20 ºC and 800 ºC to quantify the 

organic counterparts on the MNP. The thermogram showed a peak between 20 ºC and 

100 ºC, normally attributed to the adsorbed water. Then, another peak between 200 ºC 

and 600 ºC with a weight loss of 3.8%, ascribed to the decomposition of propylamine 

groups. This means that nanoparticles contain 0.65 mmol of propylamine groups per gram 

of 12. 

Furthermore, the FTIR characterization was crucial to detect the bands related to 

the functionalization of the material comparing 11 with 12. The MNP@SiO2 spectrum 

(red line) showed only a narrow band at 3740 cm-1, normally ascribed to the silanol groups 

related to the silica coating. In turn, MNP@NH2 spectrum (black line) displayed several 

characteristic peaks of functionalization beyond that of silanol groups, previously 

mentioned. Particularly, peaks at 3371 and 3309 cm-1 were attributed to the stretching of 

NH2 groups and at 1597 cm-1 ascribed to NH2 groups bending. A peak was detected at 

2931-2865 cm-1, assigned to the stretching of CH2 groups. Other peaks were detected and 

are showed in the small zoom: at 1450 cm-1 for the bending of CH2 groups and at 1410 

cm-1 attributed to the bending of Si-CH2 bond which is another evidence of this 

functionalization [78, 79].  
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2.4.2 Synthesis of MNPs@NH-MnTDCPPS 

The hybrid metalloporphyrin-based magnetic catalyst, MNPs@NH-

MnTDCPPS (14), was prepared using a two-step strategy: the first step involved the 

metalation of TDCPPSO2Cl (4) with Mn(OAc)2·4H2O, followed by the covalently 

linkage of MnTDCPPSO2Cl (13) to MNP@NH2 (12), as reported in the Scheme 2.8.   

 

Scheme 2.8 Synthetic pathways for the MnTDCPPSO2Cl (13) anchoring on 12. 

 

Compound 4 was complexated using manganese(II) acetate and DMF, to avoid 

potential hydrolysis of chlorosulfonic groups. The complexation occurred in 2 h, at  

140 °C under nitrogen atmosphere. After observation that the UV-Vis spectrum is typical 

of Mn(III) porphyrin, material 12 was added to the reaction mixture, along with dry 
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triethylamine and the reaction pursued for further 24 h, under stirring. The desired 

MNPs@NH-MnTDCPPS, 14, was washed several times with water and 

dichloromethane, to remove the DMF and left one night to permit the slow accumulation 

of nanoparticles. Then, an external magnet was applied to isolate 14, which was fully 

characterized. 

 

Figure 2.10 Normalized UV-Vis spectra overlap of 14, in DMF (black line) and 

8, recorded in water (red line). 

 

Figure 2.10 displays the UV-Vis spectrum of the hybrid material 14 (black line) 

and MnTDCPPS (8). The presence of porphyrin was confirmed in the hybrid material, by 

the observation of the typical broad Soret band at 465 nm, similar to that seen also in the 

spectrum of MnTDCPPS 8. Moreover, the manganese content was determined by ICP, 

revealing a Mn amount of 0.095%, corresponding to a 2% of MnTDCPPS covalently 

linked to the support (0.018 mmol per gram of magnetic nanoparticles).  

Additionally, TG-dTGA analysis was also used to quantify the porphyrin content 

anchored to magnetic nanoparticles (Figure 2.11).   
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Figure 2.11 TG curves of: a) MNPs@NH-MnTDCPPS (14) (weight loss- black 

line; derivative weight- blue line); b) MnTDCPPS (8) (weight loss- black line; derivative 

weight- blue line). 

 

The measurements were carried out in a range of temperature between 25 °C and 

800 °C, using the Mn(II) porphyrin as the reference material (Figure 2.12 b). Comparing 

the thermogram of the desired compound (14) with the previous ones (8), a weight loss 

between 50 °C and 200 °C ascribed to the desorption of water and residual organic 

solvents, while other weight losses were displayed between 200 °C and 800 °C, due to 

the porphyrin organic decomposition. The Mn(III) porphyrin counterpart immobilized 

into magnetic nanoparticles was calculated based on the previous thermogram (Figure 

2.9 a), used as blank, and a mass loss of ~3% was observed.  

 

2.4.3 Synthesis of MnTDCPP-based 3-aminopropyl functionalized silica, 

MnTDCPPS@SiO2 

Aiming to establish a comparison of the effect of the support, the immobilization 

by covalent linkage of MnTDCPPS, 8 onto 3-aminopropyl functionalized SiO2 was also 

promoted, Scheme 2.9. 
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Scheme 2.9 Synthetic pathways for the immobilization of chlorosulfonated 

porphyrin 4 onto 3-aminopropyl functionalized silica. 

 

In a typical experiment, the 3-aminopropyl functionalized silica was dissolved in 

dry DMF and triethylamine was then added. The chlorosulfonated porphyrin 4, 

previously dissolved in a minimal amount of dry DMF, was added dropwise to the flask. 

The reaction was stirred at room temperature for 24 hours, after which, without isolation, 

an excess of Mn(OAc)2 was added to the reaction mixture and stirred under reflux  

(140 °C) for another 24 hours. After cooling, the solid material was isolated by 

centrifugation and washed several times with water, ethanol, and acetonitrile to remove 

the residue of metal salt and the non-linked porphyrin. At the end, the desired catalyst 

MnTDCPPS@SiO2, 16, was isolated and dried in an oven at 60 ºC for 48 hours.  

The hybrid material 16 was analyzed by scanning electron microscopy (SEM) to 

obtain information about its morphology and compared with the one of the 3-aminopropyl 

functionalized silica.  
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Figure 2.12 SEM images: a) of 3-aminopropyl functionalized silica (obtained 

with magnification = ×150, zoom was obtained with a magnification of ×500); b) of 

MnTDCPPS@SiO2 catalyst 16 (obtained with magnification = ×150, zoom was obtained 

with a magnification of ×5000). 

 

SEM images of the 3-aminopropryl functionalized silica showed a granular nature 

with irregular particles, which is characteristic of silica gel. The particles size is variable, 

a range between 40 and 63 µm was observed, which is in agreement with the selling 

company data (Sigma Aldrich). In Figure 2.12. a, it is possible to observe a uniform 

distribution with smooth surface and using the zoom image, collected with a 

magnification of 500×, some roughs on the surface are visible. According to the Figure 

2.12 b, the new catalyst 16 presented a size decrease, derived from the several processes 

of homogenizing and mixing. Particularly, the distribution remained uniform with sharp 

particles with various size, indeed the Feret diameter was in a range between 5 µm and 

40 µm.  

The solid-state UV-Vis spectrum of hybrid material 16 was also recorded to see 

if its characteristic bands were visible and to compare it with that of metalloporphyrin 

catalyst 8 (Figure 2.13). 

b a 
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Figure 2.13 Normalized solid-state and solution UV-Vis spectra of 16 (black) and 

metalloporphyrin 8 (red). Spectrum of compound 8 was recorded in distilled water at 1 × 

10-5 M.  

 

As seen in Figure 2.13, the presence of porphyrin in the hybrid catalyst 16 was 

confirmed by the detection of Soret band at 466 nm and Q band at 568 nm, displaying a 

negligible bathochromic shift (~ 3 nm) when compared with the UV-Vis spectrum of 8. 

Additionally, it is also possible to distinguish the Metal to Ligand charge transfer (MLCT) 

and Ligand to Metal charge transfer (LMCT) bands for MnTDCPPS. 

Thermogravimetry was also used to quantify the organic part immobilized on the material 

16 (Figure 2.14).  

 

 

Figure 2.14 TG/DSC curves (derivate of weight – blue line, weight loss – black 

line): a) SiO2-NH2, b) 16. 
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The thermogravimetric analysis was carried out in a range of temperatures 

between 25 °C and 900 °C, for both 3-aminopropyl functionalized silica and the new 

catalyst 16. For the starting inorganic support, as Figure 2.14 a shows, a peak is observed 

between 25 °C and 100 °C relative to the adsorbed water. Another peak, corresponding 

to a weight loss of 11 %, is observed between 100 °C and 900 °C, with the most intense 

step between 500-900 °C, related to the decomposition of the aminopropylsilyl groups. 

The Figure 2.14 b is related to the hybrid 16, and in this case a peak is recorded between 

25 °C and 100 °C, always attributed to the weight loss of water molecules. Apparently 

the two thermograms showed a similar weight loss curve’s profile, but the weight derivate 

curve presents two steps for the catalyst 16. The first step appears between 200 °C and 

450 °C and it was attributed to the loss of the organic porphyrin counterpart; whereas a 

second peak is observed in a range of 500 °C and 900 °C, related to the loss of 

aminopropylsilyl groups. Since the last weight loss mentioned was similar to that one 

recorded in the case of 3-aminopropyl functionalized silica, the metalloporphyrin content 

in the hybrid material 16 could be directly calculated through TG. In fact, comparing the 

two thermograms we could assume that the porphyrin mass loss was about 8 %.  

Besides the TG analysis, the UV-Vis allowed to determine the amount of 

metalloporphyrin incorporated onto the silica-based support. To calculate the percentage 

of 16 linked to the 3-aminopropyl functionalized silica, an UV-Vis spectrum of the 

combination of all washing was recorded. This spectrum was compared with that one of 

the metalloporphyrin 8 using Beer’s Law and it was observed that the immobilization 

yield was 37 % and the porphyrin loading is 3.7 × 10-4 mol of MnTDCPPS per gram of 

functionalized silica. Moreover, an additional experiment of inductively coupled plasma-

optical emission spectrometry (ICP-OES) was carried out to quantify the metal content 

in the porphyrin involved in the covalently bond. In this case, the ICP-OES detected a 

Mn percentage of 3.6 % w/w. 

Furthermore, to characterize the hybrid material 16, infrared spectra were recorded for 3-

aminopropyl functionalized silica, 8 and 16 and are presented in Figure 2.15.  
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Figure 2.15 Infrared spectra of 3-aminopropyl functionalized silica (black line), 

MnTDCPPS@SiO2, 16, (red line) and MnTDCPPS, 8, (blue line).  

 

Comparing the IR-spectra, the peaks of 3-amino-propyl functionalized silica 

(black line) may be observed, particularly, a narrow band at 1090 cm-1 ascribed to the 

bending of Si-CH3 groups and a peak at 800 cm-1 for the bending of CH2 groups. 

Regarding, the MnTDCPPS@SiO2, 16, the bending of CH2 groups, at 800 cm-1, another  

peak was observed at 1146 cm-1 ascribed to the stretching S=O. The proof of the covalent 

linkage between the nitrogen of the silica support and the sulfur of porphyrin was 

observed at 956 cm-1 (stretching of S-N).  

 

2.5 Heterogeneous catalytic oxidative degradation of TMP  

These hybrid materials, 14 (MnTDCPPS@MNP) and 16 (MnTDCPPS@SiO2), 

were then applied as heterogeneous catalysts in the antibiotic oxidative degradation using 

hydrogen peroxide as benign oxidant. So, in a typical experiment, the TMP (0.45 mM) 

and the heterogeneous catalyst, 14 or 16, were placed in a round bottom flask and  

100 mL of distilled water were added, in a ratio of 500:1 (TMP:Cat). The reaction mixture 

was stirred at room temperature (25 °C) for 15 min. After this time, similarly to the 

homogeneous catalytic system, the reaction started with the dropwise addition of 30 μL 

of H2O2 (30% w/v), and then subsequent aliquots of H2O2 were added each 15 minutes, 

to achieve a total volume of 300 μL. This total volume of oxidant corresponds to 2.6 mmol 

added, and the reaction proceeded for 150 minutes. The reaction was followed by HPLC 
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using the same chromatographic conditions reported for the homogeneous system 

(Figure 2.16 a-c). 

 

Figure 2.16 HPLC chromatograms recorded for TMP heterogeneous catalytic 

degradation: a) at time 0 h; b) after 150 min, adding 300 μL of H2O2 and using 16 as 

hybrid catalyst and c) after 150 min, adding 300 μL of H2O2 and using 14 as catalyst. The 

experimental elution conditions were: mobile phase of ACN:MeOH:NH4OAc buffer 

(pH=9.0 adjusted with ammonium hydroxide) (15:15:70 v/v), flow rate of  

0.400 mL min-1, T=25 °C and the I.S. was 3-methoxybenzaldehyde. 

 

As shown in Figure 2.16 a, before starting the reaction, only the peaks of TMP 

and I.S. were detected by HPLC at 19.41 min and 49.03 min while, after adding 300 μL 

of H2O2 using 16 as catalyst, a negligible peak of TMP with a retention time of 17.99 min 

was registered, indicating a complete antibiotic degradation (> 99%) (Figure 2.16 b). 

Furthermore, several new peaks have been detected, indicating the formation of 

degradation products (DPs) during the catalytic reaction. On the other hand, when using 

catalyst 14 and after 150 min of reaction time (Figure 2.16 c), the TMP peak at  

19.65 min was still observed, besides the peaks of its DPs, showing only partial 

degradation of TMP (~ 40%). These findings demonstrate that, under the exact same 
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reaction conditions for the two catalytic systems, the reaction performed using 16 was 

faster in TMP oxidation.  

Hence, the material 16 was chosen to pursue the studies and was evaluated under 

the catalytic conditions used for the homogeneous system. Thus, implementing a general 

experiment as previously described, the ratio between antibiotic and 16 was varied to 

establish the best operational ratio to achieve the full degradation of TMP. In Table 2.4, 

the results obtained by HPLC are reported. 

Table 2.4 Heterogeneous reaction scheme and results obtained varying the 

TMP:Cat ratio in the oxidation of TMP using catalyst 16. 

 

Entry TMP:Cat a) Degradationb)  Required Time (min) 

1 900 28 150 

2 600 82 150 

3 500 95 150 

4 50 96 15c) 

a) TMP:Cat = substrate to 16 molar ratio; b)reaction conditions: TMP (13 mg, 4.5 × 10-5 mol), 

VH2O2(30%) =30 µL for each 15 minutes until achieving a VfH2O2 (30%)=300 µL; c)reaction was stopped after 15 

min, because no more degradation was observed. 

 

Similar to previous experiments, the reaction was followed by HPLC analysis. 

Every 15 minutes, before the addition of each 30 μL portions of H2O2 (30% w/v), an 

aliquot of reaction mixture was taken from the round bottom flask. It is worth mentioning 

that the sample was filtered using a 0.2 μm syringe filter before being injected into the 

HPLC equipment, to ensure that no catalyst particles could enter in the apparatus during 

the injection.  

As mentioned in Table 2.4, the TMP:16 ratios were calculated keeping the 

substrate’s quantity constant, expressed in mol, and varying the quantity of catalyst used 

during each experiment, also expressed in mol. The first trial was conducted using the 

same TMP: 16 ratio tested for the homogeneous catalytic experiments. So, for the  

TMP: 16 ratio of 900:1 (Table 2.4, entry 1), after the same reaction time of 150 minutes, 
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the trimethoprim was degraded only in 28%. Hence, the TMP: 16 ratio was decreased, 

and we pursued the studies by using ratios of 600:1, 500:1, and 50:1, (Table 2.4, entries 

2,3 and 4). When the 50:1 ratio was tested, the TMP degradation reached 96%, in only 

15 minutes, at the cost of using a large amount of catalyst. Considering the other two 

ratios evaluated, the results indicate that the best performance was achieved when 

TMP:16 ratio was 500:1, reaching a highly efficient degradation, in a reasonable reaction 

time. 

All the data obtained from the HPLC analysis were plotted and used to study the reaction 

kinetics. (Figure 2.17 a and b and Table 2.5) 

 

Figure 2.17 a) Heterogeneous catalytic degradation TMP curves using new 

catalyst 16, under several TMP:Cat ratios; b) Kinetic curves of heterogeneous TMP 

degradation. 

 

The kapp values were calculated, for each TMP:16 ratio, considering HPLC 

chromatogram peak areas, and approximated to the L-H kinetic model [64, 65]. Plotting 

the data, straight lines were obtained for each ratio, where each kapp value is represented 

by the slope. Using catalyst 16, kapp was dependent on the S/C ratio, as expected, showing 

a kapp of 1.6 × 10-1 min-1, 2.0 × 10-3 min-1, 1.28 × 10-2 min-1 and 2.0 × 10-2 min-1, 

respectively for S/C =50, 900, 600 and 500. From these results, it can be concluded that 

the ideal reaction conditions to perform the degradation of TMP, under heterogeneous 

conditions, were a TMP:16 = 500:1 ratio, using 2.6 × 10-3 mol of H2O2 oxidant. 
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Table 2.5 kapp values calculated in the heterogeneous aqueous degradation of 

TMP, for each TMP:16 ratio and using the hybrid material 16.  

 

Entry TMP:Cat a) kapp (min-1)b) 

1 900 2.0 × 10-3 

2 600 1.3 × 10-2 

3 500 2.0 × 10-2 

4 50 1.6 × 10-1 

a)  TMP:Cat = substrate to 16 molar ratio; b).apparent rate constant (kapp) calculated by the simplified 

equation ln
[𝑇𝑀𝑃]0

[𝑇𝑀𝑃]𝑡
= 𝑘𝑎𝑝𝑝𝑡. 

 

Furthermore, catalyst blank reaction was also carried out. An experiment was 

performed using the same reaction conditions, but in absence of catalyst. After the 

addition of 300 µL of H2O2, a chromatogram of the final solution was registered and as 

depicted in Figure 2.18, the two chromatograms are very similar demonstrating no 

degradation (≤ 1% of TMP degraded after 150 min of reaction time), corroborating once 

again the importance of the catalyst for the substrate oxidation. 

 

Figure 2.18 HPLC chromatograms recorded for TMP heterogeneous blank 

catalytic reaction, without catalyst 16: a) at time 0 h; b) after adding 300 μL of H2O2. The 

experimental elution conditions were: mobile phase of ACN:MeOH:NH4OAc buffer 
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(pH=9.0 adjusted with ammonium hydroxide) (15:15:70 v/v), flow rate of  

0.400 mL min-1, T=25 °C and the I.S. was 3-methoxybenzaldehyde. 

 

Subsequently, upon optimization of the experimental heterogeneous conditions, 

the reutilization and recovery tests for the catalyst were performed. The catalyst was 

reused in 5 cycles and each catalytic cycle was set by preparing new fresh reaction 

mixture and using the recovered catalyst, under the same catalytic conditions  

(Figure 2.19). Recovery was fulfilled by separating the catalyst 16 from the medium by 

centrifugation and decantation, to isolate the material. Then, it was consecutively washed 

by centrifugation 2 times with distilled water, ethanol, and acetonitrile, respectively, for 

40 minutes at 4000 rpm in each case. Finally, 16 was dried during 16 h in an oven at  

60 °C, before the next run. 

 

Figure 2.19 Heterogeneous degradation (%) of trimethoprim using catalyst 16, 

after 5 cycles. 

 

As Figure 2.19 showed, the new material 16 was able to degrade the TMP for  

5 catalytic cycles with negligible loss of activity. Moreover, after each run, the medium 

was checked by UV-Vis and ICP-OES (< 2 ppb Mn) and no leached metalloporphyrin 

was found. 

In addition, the amount of total TMP decomposition was also evaluated, by 

performing the Total Organic Carbon (TOC) analysis. Two experiments were 

simultaneously conducted where, at t = 0 min, an average TOC of 334 mg C L-1 was 

observed, whereas, after 150 min, an average TOC of 253 mg C L-1 was measured for 
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both experiments. This result demonstrated that a release of 81 mg C L-1, which represents 

24%, was obtained during this short reaction time.   

 

2.6 Product analysis and possible degradation pathway 

Besides the optimization studies on TMP degradation, another important part of 

this study was focused on the identification of degradation products, produced during the 

catalytic oxidation process. In literature, many articles reported the identification of 

TMP’s degradation products deriving from various AOP catalytic processes [80-83].  

In our case, a Ultra Performance Liquid Chromatography – tandem Mass 

Spectrometer (UPLC-MS) technique was used to identify the degradation products. The 

mobile phase was composed by a mixture of acetonitrile, methanol, and a buffer solution 

of ammonium acetate, in a proportion of 15:15:70, adjusted to a pH of 9.5 using a solution 

of ammonium hydroxide, since basic pH is fundamental to avoid the protonation of amine 

groups in the TMP structure. In addition, the mobile phase mixture was degassed by 

ultrasounds for 30 minutes to avoid that the excess of air produced during the mixing 

could bubble out, in order to prevent the creation of dead volumes and spurious peaks on 

the chromatograms. For our study, the column used was a C18 reverse phase, since 

aqueous samples were used. Moreover, after the catalytic degradation, the reaction 

mixture was filtered through a 0.2 μm syringe filter, to ensure that no solid particles could 

be injected with the sample into the equipment. Upon filtration, a small volume of sample, 

60 μL, was placed into the HPLC flask to be automatically injected into the equipment 

with a flow rate of 0.15 mL/min. To determine the relative abundance of each degradation 

product, an internal standard, the 3-methoxybenzaldehyde, was introduced in each sample 

before the injection. At the end, we obtained a total ion chromatogram (TIC) in which for 

each peak there is a characteristic mass spectrum associated, which is fundamental to 

identify the degradation products (Table 2.6). 
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Table 2.6 Total ion current chromatogram (TIC) of TMP catalytic degradation 

and identified DPs.  

 

Degradation 

Products 

Identified 

DPs 

m/z 

(Da) 

tr
a) 

(min) 

Relative 

% 

 

DP1 

 

 

249 

 

1.25 

 

17 

 

DP2 

 

 

291 

 

3.78 

 

3 

 

DP3 

 

 

307 

 

2.18 

 

47 

 

DP4 

 

 

305 

 

4.60 

 

< 1% 

 

DP5 

 

 

323 

 

1.81 

 

13 

 

DP6 

 

 

 

321 

 

2.80 

 

 

8 

 

DP7 

 

 

187 

 

1.61 

 

11 

a) tr= retention time (min). 
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Particularly as showed in Table 2.6, a qualitative analysis was made, by 

calculating the relative abundance percentage of each single generated degradation 

product, using the area of each product related to the total area. Moreover, it was observed 

that, during the catalytic process, many degradation products were generated in negligible 

quantities, such as DP2 and DP4. Only DP3 was detected in a higher quantity, with 

respect to the others (relative abundance of 47%) and it was produced from the 

hydroxylation of TMP. Analyzing the mass fragments, reported in Table 2.6 above, we 

proposed a possible TMP degradation pathway, in order to explain the formation of these 

degradation products (Scheme 2.10). 

  

Scheme 2.10 Possible TMP degradation pathways, using heterogeneous catalyst 

16 and hydrogen peroxide as oxidant agent.  

 

The analysis of the catalytic degradation products led us to propose the 

mechanism presented in Scheme 2.10. Along this process, hydroxylation, oxidation and 

demethylation occurred [83-85]. Particularly, DP1 derived from the full demethylation of 

TMP; whereas the DP2 was generated for its partial demethylation. Simultaneously, the 

process could undergo hydroxylation on the benzylic position of TMP, which produces 

the product DP3. When the alcoholic intermediate was formed, it could react in two 

different ways. Then, it could further undergo hydroxylation on one of two ortho-free 

positions of 3-methoxybenzyl ring giving the di-alcoholic specie DP2, and, in the other 
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hand, it could generate the ketonic species, DP4, by oxidation of the alcohols. At this 

point, the intermediate DP4 could produce different species for further hydroxylation or 

demethylation. The DP4 can be hydroxylated on the ortho-free positions of  

3-methoxybenzyl ring, providing the DP6. Moreover, the DP5 could give the intermediate 

DP6 through the oxidation of the alcohol into a ketone (tertiary carbon/ secondary 

alcohol). Otherwise, it may suffer a demethylation on one of the three methoxy groups, 

generating the specie DP2. Finally, the DP2 could also suffer cleavage to yield the DP7. 

 

2.7 Ecotoxicity studies 

In literature, some articles described the ecotoxicity of TMP in different 

organisms [86, 87] but only a very few reported the ecotoxicity of its degradation products 

[84, 88, 89]. Taking this into account, ecotoxicity studies on the initial antibiotic and its 

degradation products were performed on three different organisms, attempting to study 

the potential environmental damage caused by the presence of TMP and its degradation 

products.  

Specifically, the three selected species were the bacterium Vibrio fischeri, the 

microalgae Raphidocelis subcapitata and the rotifer Brachionus calyciflorus, and two 

toxicity tests were conducted for each one. Although some data about the intrinsic toxicity 

of TMP was already reported in literature [6, 90-93], this antibiotic was first tested to 

determine the toxicity of the solution before the degradation process and also to 

complement the database already existing about its toxicity for aquatic organisms. The 

second test was performed on the solution containing the oxidized products derived from 

the catalytic degradation process.  

Firstly, a 494.4 mg L-1 solution of TMP was prepared in a standard artificial 

moderately hard freshwater to perform the first tests, which presents a pH of 7.25 and a 

conductivity of 325 µS cm-1 [94]. This was necessary because using distilled water would 

kill the organisms due to the osmotic stress. Furthermore, according to the previous 

literature reports [29, 91, 95, 96], the highest tested TMP concentrations were  

225 mg L-1 for the bacterium and the rotifer and 285 mg L-1 for the microalgae. Then, 

starting from these concentrations, a serial dilution was performed for each test; six 

concentrations were prepared using the control medium with a dilution factor of 2 in case 

of the bacterium and of 1.75 for the microalga and rotifer. Concerning the assays 
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conducted using the degradation products solution, the highest used concentration was 

the 100% collected solution after the degradation and recovery of heterogeneous catalyst.  

The first tested organism was V. fischeri, which is a marine Gram-negative 

bacterium, commonly used for the bioluminescence inhibition assay. Its solution was 

obtained by suspending the preserved lyophilized bacteria into a suspension, at known 

concentration, using a purchased reconstitution solution and the test protocol (Azur 

Environmental, Carlsbad, CA, USA). According to the Microtox 81.9 % basic test 

protocol for water samples (Azur Environmental, Carlsbad, CA, USA), the 5 min  

V. fischeri luminescence inhibition test was performed using the toxicity analyzer model 

500 (Strategic Diagnosis, Newark, DE, USA), to measure the light emission of the 

bacteria suspension. Since the light production is directly proportional to the metabolic 

activity of bacteria, an inhibition of enzymatic activity corresponds to a decrease in 

bioluminescence. Since tests with TMP solution showed similar results after 5, 15 and  

30 min of exposure, only a 5 min exposure test was selected.   

The second test was performed with green freshwater microalga R. subcapitata, 

used as model aquatic organism. The microalga was conserved with a Woods Hole MBL 

growth medium in 100 mL of nonaxenic batch cultures, under cool-white fluorescent 

illumination (100 μE m-2 s-1) with a controlled temperature (19-21 ºC). The 72 h growth 

inhibition test was carried out following the OECD (2011) and EC (1992) guidelines  

[97, 98]. In this case, the algal growth was estimated in two ways: as total cell density, 

EbC (cells mL-1) and as specific growth rate, ErC (1 d-1) [99]. This choice was made 

because although the first measurement is 3 to 7 times more sensitive than the other, 

normally the second parameter is the most used in ecological risk assessment at regulatory 

level. The 900 μL replicate cultures were prepared and inoculated with 100 μL of algal 

inoculum. Moreover, the 285 mg L-1 TMP solution and degradation product one was 

supplemented with the same amounts of nutrients as the control to discriminate potential 

toxicity of the examined samples respect to that due to differences in nutrient levels. After 

72 h of exposure, final cell densities were counted and mean specific growth rates per day 

calculated [99]. 

The third organism was B. calyciflorus a planktonic rotifer species arising in 

freshwater. The organisms were hatched from cysts, exposed to six 0.3 mL test solutions 

and incubated in darkness with a controlled temperature of 24-26 °C for 48 h. After this 
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time, the lethality was estimated counting which are alive or dead, due to the Rotoxkit F 

standard operational procedure [100].  

The ecotoxicity results, representing the toxicity of TMP solution in a standard 

medium against the three organisms, expressed as EC50 and EC20 are reported in  

Table 2.7. The predicted percentage of toxicity caused by the 494.4 mg L-1 TMP solution 

in distilled water was calculated by the software PriProbit 1.63 [101], using the regression 

model made between the probit transformation of the proportion of responses and the log 

transformation of the concentrations. The degradation products solution, after the addition 

of sodium bisulfite hydrogen peroxide quencher, was also checked.  

Table 2.7 EC50 and EC20 values of TMP solution for the three tested organisms 

with corresponding 95% confidence limits, predicted percentages (%) of toxicity caused 

by the saturated TMP solution (494 mg L-1) and the degradation products solution.  

Toxicity 

test 

EC50 

(mg L-1) 

EC20 

(mg L-1) 

TMP sola 

(% effect) 

products solb 

(% effect) 

V. fischeri 221.7 

(185.7 – 293.3) 

118.7 

(102.2 – 136.4) 

85.9 97.0 

R. subcapitata 

EbCx 

 

ErCx 

33.4 

(25.3 – 41.4) 

81.9 

(75.1 – 88.6) 

16.3 

(9.5 – 23.1) 

49.7 

(42.8 – 56.7) 

99.4 

 

99.3 

98.9 

 

99.9 

B. calyciflorus 301.3 

(184.9 – 850.2) 

82.14 

(54.9 – 121.4) 

62.7 100.0 

a) predicted values for [TMP]= 494 mg L-1; b) products solution concentration = 100%. 

 

Concerning the toxicity of TMP solution in standard medium, the 5 min V. fischeri 

test showed a value of EC50 and EC20 of 221.7 mg L-1 and 118.7 mg L-1, respectively. The 

72 h R. subcapitata growth tests revealed a specific growth rate of 81.9 mg L-1 and  

49.7 mg L-1 for ErC50 and ErC20, respectively and, in terms of the increase in cell density 

values of 33.4 mg L-1 and 16.3 mg L-1 for the EbC50 and EbC20. Lastly, the B. calyciflorus 

showed a EC50 of 301.3 mg L-1 and an EC20 of 82.1 mg L-1. The obtained results showed 

that the microalga was the most sensitive species with ratios of EC50 respect to the other 

two species close to one order of magnitude (6.6 and 9.9, to V. fischeri and B. calyciflorus) 

and ratios of EC20 of 1.7 and 2.4, respectively without 95% CL overlapping. The other 
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two species revealed the same sensitivity to TMP since both EC50 and EC20 values did 

not differ more than 1.4 times.  

Comparing with literature, these results are quite similar and are in agreement 

with the Category Acute 3 attributed to TMP [102], based on short-term data according 

to the Globally Harmonized System of the Classification and Labelling of Chemicals, 

where V. fischeri showed TMP values of EC50 between 165 and 177 mg L-1 [95]. Also, 

TMP EC50 values reported for R. subcapitata are between 80 and 129 mg L-1 [29, 36, 96, 

103]. To the best of our knowledge, no data is yet reported in literature for the rotifer, but 

the sensitivity revealed in this study was similar to other invertebrates, such as the 

cladoceran Daphnia magna (from 100 to 167 mg L-1 [95, 103, 104]). The extrapolated 

value of toxicity for the 494.4 mg L-1 TMP solution was higher for the microalga (99%) 

and lower for the rotifer (62%). Comparing the degradation products solution with the 

initial TMP one, the ecotoxicity was similar for the microalga and increased for the 

bacterium (13%) and for the rotifer (37%).  

Therefore, the obtained results revealed an intrinsic toxicity of the degradation 

products, but a toxic effect related to the degradation conditions used in the laboratory 

cannot be excluded, particularly the use of hydrogen peroxide and bisulfite as quencher. 

To try to discriminate between these toxicities, other tests were carried out on the  

R. subcapitata. Hence, four solutions were also tested: one containing the degradation 

products, H2O2 and equimolar quencher (0.265 M); a second solution containing 

degradation products and only H2O2 (0.265 M); the third solution, prepared in fresh water, 

containing only H2O2, at estimated concentration after degradation (0.132 M) and a fourth 

one, also prepared in fresh water, containing only bisulfite (0.265 M). The obtained EC50 

values and the measured physico-chemical parameters are reported in Table 2.8.   

Table 2.8 Ecotoxicity results, in terms of percentage of growth inhibition relatively to the 

standard control (Er%) and physico-chemical results of measured parameters. 

Solution Er(%)* pH Conductivity 

(S/cm) 

Salinity 

1 99.3% 1.51 31400 22.2 

2 94.1% 6.40 39.9 0.0 

3 86.5% 7.65 498 0.0 

4 96.5% 4.30 24100 17.4 

* Er for growth as specific growth rate  
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The presence of sodium bisulfite, normally used as a peroxide quencher in the laboratory, 

created high conductivity and salinity in the tested solutions, a decrease in the pH value 

and clearly inhibiting the microorganism growth. Furthermore, the solution containing 

only H2O2 showed a strong inhibition (86.5%) of the microalga growth in 72 h. This result 

is understandable considering that H2O2 has antimicrobial properties and is toxic to a wide 

range of microorganisms [105]. Taking these results into account, the observed toxicity 

of the DPs aqueous solution can be at least partly explained, considering the intrinsic 

toxicity of bisulfite and peroxide. Certainly, this does not exclude any possible toxicity 

associated with the DPs themselves. 

 

2.8 Photocatalytic homogeneous degradation of TMP  

To pursue our main goal to develop sustainable catalytic process for the 

degradation of antibiotics in water, in this section we describe the photodegradation of 

TMP and SMX. So, we selected a suitable porphyrin to be used as photosensitizer under 

homogeneous and heterogeneous conditions. Herein, we describe the immobilization, by 

encapsulation, into acetylated lignin nanoparticles, used as organic support of natural 

origin. All reactions were performed in a photoreactor, which is schematized in Figure 

2.20.  

 

Figure 2.20 Schematic representation of the photoreactor vessel used in this work. 

 

The reactor is constituted by two vessels and the Hg lamp is located in the double-

walled immersion quartz vessel. This is formed by inlet and outlet tubes that provide 
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water cooling with a polytetrafluoroethylene tube, which allows the water to flow 

upwards from the bottom. The second 300 mL cylindrical flask, containing the quartz 

vessel, is made of borosilicate glass with a flattened bottom to insert a magnet stirrer bar 

and is constituted by two small sockets, one for the sampling and the other one for air 

circulation (Figure 2.20). 

The device was equipped with a 400 W medium pressure Hg lamp with an 

irradiance spectrum covering the visible and ultraviolet region, predominantly producing 

365-366 nm radiation and significant amount of radiation at 405-408, 436, 546 and  

577-579 nm and 365-366 nm. Also, smaller amounts of irradiation were generated at 254, 

265, 270, 289, 297, 302, 313 and 334 nm (Figure 2.21). 

 

Figure 2.21 Emission spectrum of medium pressure Hg lamp (Adapted from 

[106]). 

 

Aiming the development of an efficient and reusable heterogeneous photocatalyst 

system, the studies started with the evaluation of photocatalysts TDCPPS, 6, and 

ZnTDCPPS, 17, under homogeneous conditions.   

So, the porphyrin 6 was complexated using zinc acetate salt (Scheme 2.11).   
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Scheme 2.11 Synthesis of Zn(II) metalloporphyrin 17. 

 

The sulfonated porphyrin 6 was dissolved in chloroform in a round bottom flask 

and an excess of zinc(II) acetate di-hydrate, dissolved in methanol, was added. The 

mixture was heated to 60 °C for 2 hours, monitoring by TLC and UV-Vis. The desired 

compound 17 was isolated after solvent evaporation and extraction with CHCl3/H2O to 

remove the salt excess. The metalation was checked by UV-Vis, where the typical 

disappearance of two Q bands was followed, since the Soret’ shift was not significant 

(420 nm) (Figure 2.22). 

 

Figure 2.22 UV-Vis spectra of 6 (black line) and 17 (red line) recorded in water.  

 

The photodegradation studies started by performing the homogenous 

photodegradation tests. So, in a typical photocatalytic experiment, the photocatalyst  

(6 or 17) and 0.1 mM TMP stock solutions (1.0 × 10-5 mol) were added into the 
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photoreactor vessel in a molar ratio of 500:1 (TMP:Cat). The solution was stirred for  

30 min, in the dark and then irradiated for 24 h, under stirring. The reaction evolution was 

followed by HPLC using the same method mentioned before. The mobile phase was 

composed by a mixture of ammonium acetate (70% v/v), acetonitrile (15% v/v) and 

methanol (15% v/v) and adjusted to pH 9.2 with a stock solution of ammonium hydroxide. 

The elution was in isocratic mode, with a flow rate of 0.4 mL min-1 and the temperature 

of the oven was set at 30 °C to allow the reproducibility of retention times. The 

chromatograms of the two TMP photodegradation reactions, are reported in Figure 2.23 

b and c. 

 

Figure 2.23 HPLC chromatogram of TMP photodegradation recorded: a) at time zero, b) 

after 24 h of irradiation, using 17 as catalyst and c) 6 as catalyst. 

 

It can be seen that, in both cases, TMP was completely degraded after 24 h of 

irradiation. This would indicate that any of the photocatalysts could efficiently promote 

antibiotic degradation. Moreover, it should be mentioned that during the photoreaction a 

pH decrease was observed, and acidic pH is deleterious for the porphyrin Zn(II) complex, 

which is known for its lability inside porphyrin core under acidic pH. It is well reported 

that in acidic media, the nitrogen-core atoms may be protonated, producing a distortion 
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in the macrocycle planar geometry toward a saddled structure [107, 108]. For this reason, 

and also to avoid additional steps such as the metalation and its workup/purification, it 

was decided to proceed the studies using photocatalyst TDCPPS, 6, as photosensitizer. 

The photocatalytic studies pursued with a new set of experiments where the ratio 

between the TMP and catalyst was varied, to determine the best catalyst to substrate 

proportion. So, two stock solutions were prepared: an aqueous 10-4 M TMP stock solution 

and an aqueous 1.6 × 10-5 M catalyst stock solution. In a typical experiment, porphyrin 6 

and 0.1 mM TMP stock solutions (1.0 × 10-5 mol) were added into the photoreactor vessel, 

under the selected molar ratios and stirred in the dark, at room temperature, for 30 min. 

Then, the mixture was irradiated using the Hg lamp along 24 h, under stirring. The 

reaction was followed by HPLC, by taking aliquots each 30 min, maintaining the same 

operational conditions as before, and the results are reported in Table 2.9.  

Table 2.9 TMP homogeneous aqueous photodegradation using 6 as photocatalyst.  

 

Entry TMP:6 Photodegradation 

 Time (h) 

Photodegradation a) (%) kapp (min-1) 

1 50 2 >99.9 2.1× 10-1 

2 500 4 >99.9 9.7 × 10-2 

3 1000 12 >99.9 4.3 × 10-2 

a) reaction conditions: TMP (2.9 mg, 1.0 × 10-5 mol); 6 (0.024 mg, 2.0× 10-8 mol); Vtotal (mixture) = 100 mL.  

 

From HPLC analysis, we observed that, with ratios of 50:1 and 500:1, the full 

degradation of TMP was achieved in 2 h and 4 h, respectively, (Table 2.9, entries 1 and 

2). Then, we evaluated the ratio of 1000:1 and the time required to complete the 

photodegradation was 12 h (Table 2.9, entry 3). Furthermore, reaction kinetics for 

homogeneous photocatalytic TMP degradation was also carried out, for the first 20 min, 

with the corresponding kapp calculated as previously reported for the oxidative catalysis 

with H2O2 (Figure 2.24 a and b, respectively).  
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Figure 2.24 a) TMP photocatalytic oxidation curves in homogeneous conditions 

and with three TMP:6 ratios; b) TMP photodegradation kinetic curves, calculated for the 

first 20 min. 

 

 When the reaction was led with a molar ratio of 50:1 and 500:1 (Figure 2.24 b 

green and red line, respectively) the kapp values were 2.1 × 10-1 min-1 and  

9.7 × 10-2 min-1 (Table 2.9, entries 1 and 2) respectively, confirming that in the second 

case the reaction was 2 times slower than the first one. On the other hand, the kapp was 

4.3 × 10-2 min-1 (Table 2.9, entry 3) for the 1000:1 ratio (Figure 2.24 b blue line), which 

means that the reaction was 5 times slower than using the first ratio.  According to these 

results, it is evident that the increase in the TMP:6 ratio leads to a slowdown in the 

reaction. Therefore, the 500:1 ratio was chosen as the most convenient to transpose into 

the heterogeneous photocatalytic degradation of TMP.   

 

2.9 Development of porphyrin-based lignin heterogeneous 

photocatalyst  

The goal was to develop a hybrid photocatalyst based on a natural compound used 

as biomaterial matrix to encapsulate the porphyrin photosensitizer. For this purpose, 

several natural polymers have been already reported in literature, such as cellulose and 

lignin [109-113]. Lignin is of great interest since it is a common by-product of paper and 

bioethanol industries and was recently applied in photocatalysis [114, 115]. Considering 

our collaboration with University of Limoges and their previous studies involving the use 

of lignin as an organic material to encapsulate photosensitizers for photodynamic therapy 

[116], we extended the scope of lignin’s use and developed a new photocatalyst based on 
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this renewable material aiming the development of a sustainable process to degrade 

antibiotics in aqueous matrices.  

The studies started by appropriately modulating the lignin biomaterial. Hence, 

Kraft lignin was acetylated following Marchand method [117] using a mixture of acetic 

anhydride/ pyridine (1:1, v/v) for 24 h at room temperature (Scheme 2.12). Then, ethanol 

was added to the mixture and evaporated several times to steam distill the excess of acetic 

acid/anhydride present. Afterwards, chloroform and diethyl ether were added dropwise 

to this mixture, to induce the precipitation of the desired acetylated lignin, @AcL. This 

product was isolated by centrifugation, followed by several washings and drying in the 

oven. 

 

Scheme 2.12 Synthesis of acetylated lignin (@AcL). 

 

The porphyrins’ encapsulation into the AcL nanoparticles was carried out 

following previous studies (Scheme 2.13) [109, 116, 118].  

 

Scheme 2.13 Schematic representation of TDCPP@AcL nanoparticles 

formation. 
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Firstly, the TDCPP (2) was dissolved in acetone (a water-miscible solvent) and 

then the AcL, previously dissolved in the same solvent, was added (in a ratio of  

1:10 w/w). After complete dissolution, the solution was introduced into a previously 

hydrated permeable cellulose membrane bag, to dialyze along 24 h, at room temperature 

and under slow stirring. The exchange of acetone and water through the membrane caused 

an increase in the medium’s polarity, with consequent molecular reorganization and 

formation of spherical hydrophobic nanoparticles, around the porphyrins. Then, the 

desired nanoparticles 18 were collected after centrifugation (10000 × g) and washing 

cycles and finally they were re-suspended in water and stored before catalytic evaluation. 

The dialysis process was easily followed by observing the decrease of dark purple 

TDCPP color inside the bag for the 24 h, as showed in Figure 2.25. 

 

Figure 2.25 Dialysis process: a) before to start in which the purple solution was 

porphyrin 2 in acetone and the light brown solution was the @AcL; b) at the end in which 

the two solutions were light brown. 

 

The observed color change occurs due to the porphyrin encapsulation inside the 

lignin nanoparticles. With the increase content of the water inside the membrane, the non-

polar AcL forms spherical nanostructures in order to reduce the water accessible area 

[119]. This color changing may be explained by the medium polarity variation. The 

porphyrin has a non-polar nature, due to the presence of aromatic rings in its structure. 

Therefore, during the dialysis, as there is an exchange between organic solvent and water 

entering the bag, hydrophobic porphyrins form hydrophobic interactions with acetylated 

lignin, favoring the encapsulation. Simultaneously, the AcL is also non-polar: so, by 

increasing the amount of water, “crumpled globules” are formed, reducing the water 
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accessible surface areas, hence minimizing hydrophobic interactions, until the formation 

of nanometric size particles, when finally, the solvent inside the bag is mainly water.  

The quantification of porphyrin inside the nanoparticles in 18 was performed by 

UV-Vis spectroscopy using acetone as solvent and using 2 as reference for the absorption 

coefficient (Figure 2.26).  

 

Figure 2.26 UV-Vis spectra of compound 2 (red line) and 18 (black line) in 

acetone. 

   

As reported in Figure 2.26, the UV-vis spectrum of TDCPP, recorded in acetone 

(red line) shows the Soret band at 414 nm, whereas the TDCPP@AcL spectrum, recorded 

in acetone (black line) displayed a peak at 422 nm, which is ascribed to the porphyrin 

Soret band. This Soret band red-shift has been previously observed also in other 

porphyrins encapsulated into acetylated lignin nanoparticles, such as THPP and ZnTHPP 

[120, 121], resulting from the porphyrin load inside nanoparticles.  

The porphyrin concentration into nanoparticles was calculated according to Eq. 

2.2,  

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = (
𝐴𝑏𝑠𝑆𝑜𝑟𝑒𝑡

ε
)  × 𝑙                                                           (2.2) 

in which 𝑙, the optical path length, is 1 cm and the absorbance of each nanoparticle’s 

solution is compared with the absorptivity coefficient (ε) of each porphyrins used, 2. The 

absorptivity coefficients for 2 at the Soret band of 414 nm, was 366904 L mol-1 cm-1, in 

acetone. The calculated concentration of porphyrin in the suspension of nanoparticles 

corresponded to 504.5 μM of 2.  

The morphology of 18 was also evaluated through TEM analysis (Figure 2.27). 
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Figure 2.27 TEM images of a) 18 and c) @AcL nanoparticles and their size 

distribution b) and d), respectively. 

 

Particularly, the morphology of our photocatalyst (Figure 2.27 a) was compared 

to that one of the @AcL nanoparticles alone (Figure 2.27 c) and in both cases, 

nanoparticles showed homogeneous spherical shapes. Moreover, elaborating the 

experimental data via Gaussian fitting, they exhibited a wide size distribution, @AcL had 

a mean size of 156 nm (95% confidence bounds 154 to 165nm) (Figure 2.27 d) and 18 

revealed a mean size of 231 nm (95% confidence bounds 226 to 236 nm) (Figure 2.27 

b). 

 

2.10 Antibiotics photodegradation by Por@AcL photocatalyst 

The work proceeded with the study on the photodegradation of antibiotics using 

the prepared Por@AcL photocatalyst, upon irradiation with a Hg medium pressure lamp, 

in aerobic conditions.  
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2.10.1 Photodegradation of trimethoprim 

The studies started with TMP where, in a typical experiment, a 0.1 mM aqueous 

TMP solution was placed into the photoreactor vessel and 40 µL of a 504.5 µM of 

porphyrin in AcL (18) stock solution was also added. The antibiotic and the photocatalyst 

were added in a molar ratio of 500:1. The mixture was stirred in the dark, at room 

temperature, along 30 min, and then the Hg lamp was switched on and the mixture was 

irradiated for 24 h, under continuous stirring.  Aliquots were taken periodically to analyze 

by HPLC. 

The study was carried out to determine the best reaction conditions and the results 

obtained are reported in Table 2.10. 

Table 2.10 Catalytically supported aqueous photodegradation of TMP, using 18 

as catalyst and air as oxidant. 

 

Entry Catalyst 

(Cat) 

Light Oxidant Degradationa) 

(%) 

Required 

Time (h) 

1 TDCPP@AcL  O2 >99% 4 

2 TDCPP@AcL  O2 0 24 

3 TDCPP@AcL  -b) 4 24 

4 AcL  O2 21 24 

5 AcL  O2 0 24 

6 No Cat  O2 20 24 

a) reaction conditions: TMP (0.3 mg, 10 µmol); TDCPP@AcL (40 µL of 504.5 µM of catalyst 

stock solution, 20 nmol); Vtotal  = 100 mL; b) Argon bubbling. 

 

All reactions were performed in triplicate, using a TMP:18 ratio of 500:1 and were 

performed for 24 hours. A complete disappearance of TMP peak was observed after  

4 hours, in presence of light and under open vessel conditions (Table 2.10, entry 1). The 

reaction was continued for 24 h, in order to maximize mineralization of intermediate 

photoproducts. The chromatograms obtained before and after the photodegradation of 

TMP using compound catalyst 18, were reported in Figure 2.28 a-b. 
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Figure 2.28 HPLC chromatograms for the TMP photodegradation recorded 

registered a) at time zero; b) after 24 hours of irradiation using 18 as catalyst 

(acetophenone as internal standard).  

 

The first chromatogram (Figure 2.28 a) was recorded before starting the 

irradiation and two peaks were detected: one at 12.41 min, attributed to TMP and the 

second one at 29.37 min, ascribed to the I.S (1-phenylethanone). After the irradiation, the 

chromatogram shown in Figure 2.28 b displayed the complete disappearance of TMP 

peak, which highlights the success of this degradation reaction. This promising result has 

led us to pursue further studies using compound 18 as photocatalyst. 

To clarify the role of light irradiation, the same reaction was performed under the 

same conditions but in absence of light (Table 2.10, entry 2). In this situation, the 

degradation did not occur, confirming the importance of irradiation to produce the active 

oxidizing species. Additionally, the oxidant is one of the parameters that is crucial to 

optimize in the antibiotic oxidation. Therefore, the reaction was also performed with 

bubbling argon inside the reaction mixture to obtain a O2-free reaction environment 

(Table 2.10, entry 3). Only 4% of degradation was achieved, probably due to vestigial O2 

present in water, indicating that the presence of oxygen has a key role in the reaction 

course. Moreover, the reaction was performed with bubbling O2 from a bottle, but this 

did not improve the antibiotic oxidation, which corroborates the use of open vessel 

conditions, in terms of sustainability. Furthermore, the reaction was carried out using 

@AcL as catalyst, to check its contribution in the photooxidation, since its organic 

aromatic nature is sensitive to excitation, also triggering the production of ROS [117]. 
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After 24 h of irradiation, only 21% of TMP degradation was observed, which corroborate 

the small contribution of @AcL support (Table 2.10, entry 4), since it is well known that 

AcL possesses low singlet oxygen quantum yields [116, 117]. Once again, the same 

reaction, using @AcL as catalyst, was checked in absence of light and, as expected, no 

degradation occurred (Table 2.10, entry 5). Finally, the last experiment conducted was 

leading the photoreaction without porphyrin or AcL to estimate the capability of the light 

alone to photooxidize the TMP. After 4 hours, just 20% of antibiotic was transformed 

(Table 2.10, entry 6). Furthermore, analysis of the chromatogram for this reaction 

indicated a complex mixture of several photoproducts (Figure 2.29). 

 

Figure 2.29 HPLC chromatogram of TMP photodegradation without photocatalyst after 

24 h. 

 

This result was in agreement with previous studies reported in literature about the 

direct photooxidation of TMP in which the main path of degradation was attributed to the 

antibiotic photolysis instead of singlet oxygen oxidation [122, 123].  

All the results reported in Table 2.9 were also plotted in the graph below to show 

the reaction evolution along 24 hours (Figure 2.30). 
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Figure 2.30 TMP photodegradation curves along 24 hours. 



Chapter 2 – Results      

 

102 

Additionally, the photodegradation kinetics and the oxidation mechanism were 

also studied (Figure 2.31 a and b). 

 

Figure. 2.31 a) Kinetic curves of TMP photodegradation using 18, carried out for 

20 min of irradiation; b) TMP photooxidation kinetic profile using 18 as catalyst (red 

line), tert-butyl alcohol (black line) and hydroquinone (black line) as scavengers, after  

4 h of reaction. 

 

The kapp values of 5.3 × 10-1 min-1 and 2.1 × 10-3 min-1 were obtained, calculated 

as mentioned before using the L-H kinetic model [64, 65], when photodegradation 

occurred using 18 in presence of oxygen and bubbling Ar, respectively (Figure 2.31 a). 

Comparing the value of kapp in presence of air with that one in argon, it was evident that 

the encapsulated photosensitizer and air are essentials on the mechanism of 

photodegradation. Moreover, these values showed that, using the same molar ratio of  

500 to 1, the 18 photoactivity is five times higher when compared to the homogeneous 

photodegradation (for 6 the kapp was 9.7× 10-2 min-1).  

Furthermore, the oxidation mechanism of TMP’s photodegradation was also 

analyzed carrying out two experiments, at the typical conditions previously mentioned 

and with 18 as photocatalyst, but in presence of hydroxyl radical (tert-butyl alcohol) or 

singlet oxygen (hydroquinone) scavengers (Figure. 2.31 b). The analysis of Figure 2.31 

b clearly shows that, when the tert-butyl alcohol was present, the reaction occurred to its 

completion in ca. 4 hours, but the oxidation was considerably slowed down in the 

presence of hydroquinone. These results point out that the TMP preferential 

photooxidation mechanism is via singlet oxygen, rather than through the formation of the 

hydroxyl radical.  
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2.10.2 Photodegradation of sulfamethoxazole 

Considering the results obtained in the TMP photodegradation, this catalytic 

system was extended to the photodegradation of another antibiotic, SMX. Thus, in a 

typical experiment, 0.1 mM of aqueous SMX stock solution was placed in the 

photoreactor vessel and 40 µL of 18 solutions were also added. The mixture was stirred 

in the dark for 30 minutes and then irradiated along 24 hours. The study carried out for 

the SMX was similar to the one performed for TMP and the results are reported in Table 

2.11. 

Table 2.11 Heterogenous aqueous photodegradation of SMX, using 18 as catalyst 

(SMX:18 ratio of 500:1) and air as oxidant. 

 

Entry Catalyst 

(Cat) 

Light Oxidant Degradation a)  

(%) 

Required Time  

(h) 

1 TDCPP@AcL  O2 >99 0.3 

2 TDCPP@AcL  O2 0 24 

3 TDCPP@AcL  -b) 7 24 

4 AcL  O2 23 24 

5 AcL  O2 0 24 

6 No Cat  O2 13 0.3 

a) reaction conditions: SMX (0.25 mg, 10 µmol); 18 (40 µL of 504.5 µM of catalyst stock solution, 20 

nmol); Vtotal [TMP] = 100 mL; b) Argon bubbling. 

 

All reactions reported in Table 2.10 were performed in triplicate, maintaining a 

SMX:18 ratio of 500:1. The complete SMX photodegradation, using 18 as catalyst and 

open vessel conditions, occurred in just 20 minutes (Table 2.11, entry 1) but was 

continued until 24 hours to maximize the mineralization of photoproducts. When the 

reaction was performed in absence of irradiation, no degradation occurred after 24 h 

(Table 2.11, entry 2), similarly to the result already obtained for TMP. Then, saturating 

the reaction solution with argon, negligible degradation was noticed, which corresponded 

to a 7% of TMP disappearance (Table 2.11, entry 3). According to this, both irradiation 
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and oxygen source were needed to promote the antibiotic photodegradation. Furthermore, 

comparing the reaction using 18 and that one using only @AcL as photocatalyst, a 23% 

of degradation was observed, after 24 h of irradiation, confirming the low capacity of 

@AcL to act as photosensitizer (Table 2.11, entry 4), and no degradation was achieved 

in absence of irradiation (Table 2.11, entry 5). Finally, when the experiment was 

performed under irradiation, but in absence of the photocatalyst, just 13% of SMX 

disappeared after 20 min, which was a negligible oxidation when compared to that one 

with 18 after the same time (Table 2.11, entry 6). 

All the reactions reported in Table 2.11 were followed by HPLC, taking a sample 

each 30 minutes. For the SMX analysis, the HPLC method was adjusted to establish an 

acidic environment, so the mobile phase was formed by acetonitrile (25% v/v), water 

(65% v/v) and 25 mM of formic acid (10% v/v). The elution was carried out using a flow 

rate of 0.8 mL min-1 and the oven was set at 25 °C. In Figure 2.32, we report the two 

HPLC chromatograms recorded before and after 24 hours of irradiation. 

 

Figure 2.32 HPLC of SMX solution: a) before irradiation; b) after 24 hours of 

irradiation. (I.S. = 1-phenylethanone) 

 

In the beginning of the reaction, the chromatogram exhibited 2 peaks, being the 

first one at retention time of 10.04 min attributed to SMX and the second one at  

18.64 min ascribed to the I.S. (Figure 2.32 a). After 24 hours of irradiation, the 

chromatogram shows exclusively the I.S. peak (Figure 2.32 b).   

The degradation yield was determined introducing in each sample a specific 

volume of a solution of 1-phenylethanone, used as internal standard, before the injections. 
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All the results are plotted in the graph below to show the reaction evolution for 24 h 

(Figure 2.33 a). Similarly, to the TMP study, apparent first-order rate constants (kapp) 

were also observed (Figure 2.33 b). 

 

Figure 2.33 a) Photodegradation SMX curves along 24 hours; b) kinetic curves 

of SMX photooxidation obtained after 20 min of irradiation and using catalyst 18. 

 

Considering the reaction of SMX photodegradation using 18 as catalyst and air an 

oxidant, the (kapp) values were 1.8 × 10-1 min-1 and 3.6 × 10-2 min-1, in presence and 

absence of oxygen respectively (Figure 2.33 b). Once again, these values confirmed the 

relevance of the combination of both 18, oxygen and as well as light to achieve high rates 

of SMX photodegradation, showing that the irradiation produced a degradation kinetics 

five times higher than that one in its absence.  

 

2.11 Photocatalyst reutilization studies 

The stability of the photocatalyst after several cycles was also evaluated under the 

optimized experimental conditions previously described. Reutilization studies of 18 were 

performed individually for TMP and SMX. It should be noted that attempts to collect the 

photocatalyst material after the first cycle were carried out, by centrifugation and/or 

filtration, but these procedures proved ineffective, due to the high dispersibility of the 

photocatalyst in aqueous media. However, since we observed the complete degradation 

of the substrate after each reaction, the reaction vessel was simply recharged with more 

antibiotic after each cycle, ensuring the same initial AB concentration and AB:Cat ratio. 
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Following this straightforward reutilization strategy, ten photocatalytic reutilization 

cycles were performed for TMP and SMX (Figure 2.34 a and b, respectively). 

 

Figure 2.34 Photodegradation (%) of a) TMP and b) SMX after photocatalytic 

reutilization cycles of 18. 

 

We observed that the photocatalyst activity was not significantly changed, after 

ten reutilization cycles for TMP or SMX, confirming the relevant stability of the hybrid 

photocatalyst 18 under the reaction conditions, even upon consecutive additions of 

antibiotic substrates, before each run. Such accumulation of photoproducts could cause 

saturation due to concentration increase, which did not hamper catalyst activity. This may 

be attributed to the very high mineralization, which induced low accumulation of products 

in aqueous solution (see below, TOC analysis section 2.13). Furthermore, using this 

reutilization strategy, the catalyst’s recovery process was avoided, contributing to a more 

sustainable overall process. 

To corroborate the catalyst stability after the reutilization cycles, two 

complementary experiments for TMP and SMX were performed. Firstly, we analyzed the 

reaction mixtures before the first cycle and after the last cycle by UV-Vis and the spectra 

are reported in Figure 2.35 a and b. 

 



Chapter 2 – Results      

 

107 

 
Figure 2.35. UV–vis spectra recorded before the first cycle (black line) and after 

the last reutilization one (red line), in distilled water, for the photodegradation of: a) TMP 

and b) SMX, using 18 as catalyst.  

 

It should be mentioned that 18 exhibited a noticeable stability in both cases, 

showing negligible degradation after its reutilization. This high stability was also 

corroborated by analyzing the catalyst morphology by TEM, after the 10 reutilization 

cycles for TMP and SMX, respectively (Figure 2.36). 

 

Fig. 2.36 TEM images of 18 photocatalyst: a) TMP degradation, before the first 

cycle (large image, magnification = 5000×) and after the tenth cycle (small image, 

magnification = 15000×); b) SMX degradation, before the first cycle (large image, 

magnification = 15000×) and after the tenth cycle (small image, magnification = 35000×).  

 

The TEM images showed that the catalyst morphology remained unaltered in both 

cases, which accounts for their high stability. This may be explained by the encapsulation 

effect, which prevents, to a certain extent, photosensitizer degradation. To confirm this 

effect of acetylated lignin, reutilization studies have also been taken for homogenous 

photocatalyst 6, as water soluble surrogate for hybrid catalyst 18. After the first cycle, 

which led to a full degradation of TMP, a second reuse was performed. This revealed a 

a) b)
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drastic decrease of the catalyst activity, showing only 36% of photooxidation after 24 h 

of irradiation. This result was confirmed by UV-Vis spectroscopy as reported in Figure 

2.37. 

 

Figure 2.37 UV–vis spectra of the aqueous TMP solution using 6 as 

homogeneous catalyst, before the photodegradation (blue line), after the 1st reutilization 

cycle (red line) and after the 2nd cycle (black line). 

 

After the first cycle, the UV-Vis of the TMP photodegradation products mixture 

showed a noticeable decrease in the 6 Soret’ band absorbance, reflecting a catalyst 

degradation (red line), when compared with the spectra recorded before starting the 

reaction (blue line). After the second cycle, the catalyst’s Soret band almost completely 

disappeared (black line) meaning that the porphyrin was no longer present in the reaction. 

This effect was corroborated by HPLC, as depicted in Figure 2.38 a, since the TMP was 

fully degraded after the 1st cycle of reutilization, while the TMP peak (eluted at  

~15.6 min) was still present after the second cycle, displaying also other photodegradation 

products (PPs) (Figure 2.38 b). 
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Figure 2.38 HPLC chromatograms recorded for reutilization of 6 (TDCPPS), 

under homogeneous photocatalytic conditions, after: a) first cycle, b) second cycle.  

 

2.12 Photodegradation of cotrimoxazole 

After evaluating the hybrid photocatalyst 18’s performance in each antibiotic 

photodegradation studies, the same system was extended and applied to the study of the 

cotrimoxazole degradation behavior. Since these two antibiotics are mostly found as a 

mixture, particularly in a commercial dosage of TMP:SMX of 1:5 mass ratio, its 

photodegradation was evaluated under the same conditions reported above. Therefore, in 

a typical experiment, the aqueous antibiotics’ mixture (ABsmix) was added into the 

photoreactor as well as 18, in a ratio of ABsmix and catalyst of 500:1, and after 30 minutes 

of stirring in dark, was irradiated. The results obtained after 24 h of irradiation are 

reported in Table 2.12. 

Table 2.12. Photocatalytic aqueous degradation of co-trimoxazole, using 18 as a 

catalyst (ABsmix:Cat = 500:1) and air as oxidant. 

Entry Catalyst 

(Cat) 

Light Oxidant Degradation a) 

(%) 

Required Time 

(h) 

1 TDCPP@AcL  O2 >99 2 

2 AcL  O2 30 24 

3 No Cat  O2 5 2 

a) reaction conditions: SMX (2.16 mg, 8.5 µmol) and TMP (0.45 mg, 1.5 µmol); 18 (40 µL of 504.5 µM of 

catalyst stock solution, 20 nmol), AB:Cat ratio = 500:1; Vtotal = 100 mL. 
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Considering the absence of degradation when the reactions were performed in the 

dark and bubbling argon, this evaluation only considered the photodegradation of the 

ABsmix using 18 and AcL as photocatalysts and in their absence. The complete 

photodegradation of the ABsmix was achieved after 2 hours of irradiation (Table 2.12, 

entry 1). Additional experiments were carried out using only AcL as photocatalyst and, 

after 24 h of irradiation, only a 30% of degradation was achieved (Table 2.12, entry 2). 

When the photodegradation was carried out without catalyst, negligible oxidation was 

observed (< 5%), after 2 hours (Table 2.12, entry 3). Once again, these results confirmed 

the key role of the porphyrin photosensitizer in the degradation.  

Additionally, the antibiotics’ mixture photodegradation was sampled and 

followed by HPLC and the results are plotted in Figure 2.39. 

 

Figure 2.39 Photocatalytic degradation curves of ABsmix using 18 (red line), 

@AcL (black line) and without photocatalyst (blue line), after 24 h of irradiation. 

 

For the ABsmix analysis, the mobile phase was changed into 0.1% of aqueous 

formic acid solution (v/v), water (v/v) and acetonitrile (v/v). The elution was carried out 

by a gradient and the parameters are reported in Table 2.13. 
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Table 2.13 HPLC gradient elution method for the ABsmix analysis. 

Time 

(min) 

Acetonitrile 

(%) 

Water 

(%) 

0.1% aq. formic acid 

(%) 

0 0 85 15 

3 0 85 15 

4 10 80 10 

14 10 80 10 

15 35 55 10 

22 35 55 10 

25 0 85 15 

36 0 85 15 

 

The method started with water (85% v/v) and formic acid (15% v/v) in isocratic 

mode for the first 3 min, then the eluents were changed to acetonitrile (10% v/v), water 

(80% v/v) and formic acid (10% v/v) from the 4th min until the 14th one. Next, the organic 

phase was increased into acetonitrile (35% v/v), water (55% v/v) and formic acid (10% 

v/v) from the 15th min until the 22nd one. At the end, the mobile phase was brought back 

to the initial operational conditions for the last eleven minutes. The HPLC chromatograms 

of the time zero and after 24 hours of irradiation are reported bellow (Figure 2.40 a and 

b). 

 

Figure 2.40 HPLC of the ABsmix solution using TDCPP@AcL, 18: a) before the 

irradiation; b) after 24 hours of irradiation. 
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2.13 TOC analysis 

As it is known, ideal oxidation processes promote the total mineralization of 

pollutant/pharmaceuticals into CO2, H2O and inorganic compounds. Usually, also other 

innocuous compounds are generated during the degradation. Considering this, we tried to 

determine the antibiotics mineralization degree using TOC removal analysis, by 

comparing the values before and after the photodegradation reaction and the results are 

in Table 2.14.  

Table 2.14. TOC measurements (in triplicate) for TMP and SMX degradation 

using TDCPP@AcL, 18.  

Entry 

 

Substrate 

 

TOC (mg C L-1) TOC removal 

(%) 
t = 0 h t = 24 h 

1 TMP 37.6 ± 2.5 9.9 ± 2.5 75 

2 SMX 109.0 ± 2.5 20.0 ± 2.5 83 

3 
TMP:SMX 

(1:5 w/w) 
39.0 ± 2.5 8.2 ± 2.5 79 

 

Considering the TMP photodegradation, an initial TOC of 37.6 ± 2.5 mg C L-1 

was detected, while, after 24 hours the value measured was 9.9 ± 2.5 mg C L-1, 

representing a TOC removal of 27.7 ± 2.5 mg C L-1, corresponding to 75% of TOC 

removal (Table 2.14, entry 1). In the case of SMX, a TOC removal value of  

83.0 mg C L-1 was determined, resulting from the difference between an initial average 

TOC of 109.0 ± 2.5 mg C L-1 and a TOC = 20.0 ± 2.5 mg C L-1, recorded after a 24 h 

degradation process, implying 83% of TOC removal (Table 2.14, entry 2). Moreover, the 

antibiotics’ mixture was also analyzed, and an initial average value of  

39.0 ± 2.5 mg C L-1 was detected before prior to photodegradation, while a value of  

8.2 ± 2.5 mg C L-1 was recorded after 24 h of photooxidation, indicating a TOC removal 

of 79% (Table 2.14, entry 3).  

The TOC analysis was performed also after the photolysis process of TMP, SMX 

and TMP:SMX (1:5 w/w). The values obtained were very low for each antibiotic solution, 

corroborating the low photodegradation values obtained experimentally through HPLC 

analysis.   
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Considering the few studies reported in literature, these TOC values confirm the 

high efficiency of the developed catalytic system, which promoted full antibiotic 

degradation in aqueous media and their high mineralization. For SMX, Gong et al. 

reported a TOC value of 50% after a complete degradation using a photocatalyst formed 

by CoFe2O4 and TiO2 under UV irradiation [124], while Lima et al. described a 25% of 

TOC removal for a mixture of antibiotics including SMX and TMP, when it was treated 

in homogeneous photo-Fenton conditions and under simulated solar light [125, 126].  

 

2.14 Degradation products analysis  

To complete our study, the antibiotics’ and photoproducts’ solutions were 

analyzed by LC-MS, in collaboration with the Instituto Superior Técnico (IST) of the 

University of Lisbon, to determine the structure of the possible photoproducts arising 

from the catalyzed TMP, SMX and its mixture degradation processes. Hence, the LC-MS 

chromatogram before and after TMP degradation is presented in Figure 2.41, and the 

identified degradation products are reported in Table 2.15. 

 

Figure 2.41 LC-MS analysis for the photocatalytic degradation of TMP using 

TDCPP@AcL, 18, with acetophenone as internal standard; a) t = 0 h; b) after 24 h of 

irradiation (zoom: TMP degradation product detected by LC-MS). 
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Table 2.15 Identification of residual TMP photoproducts (PPs) by LC-MS.   

PPs tr (min) m/z Relative % Identified products 

PP1 0.82 221 23 

 

PP2 1.27 167 67 

 

 

In this case, the elution was performed with a flow rate of 0.4 mL min-1 and using 

a mixture acetonitrile (15% v/v), methanol (15% v/v) and a buffer solution of ammonium 

acetate (70% v/v) adjusted to pH 9.2. In Figure 2.41 a, the TMP chromatogram, recorded 

before the irradiation, displayed two peaks: the first one corresponding to TMP at  

4.54 min and the second one is related to the internal standard at 8.22 min. In the TMP 

photodegradation chromatogram, two photoproducts, PP1 and PP2, were identified, when 

using 18 as catalyst and after 24 hours. Particularly, PP1 showed with a retention time  

(tr) of 0.82 min and a m/z of 221 Da, while PP2 with a tr of 1.27 min and a m/z of  

167 Da, respectively (Figure 2.41 b). The identified PPs are in agreement with the 

literature and are supported by the reported mechanistic insights on photooxidations using 

singlet oxygen as the main effector [122, 123]. So, considering these previous studies, a 

possible pathway for TMP photodegradation is proposed, based on the reactivity of 

singlet oxygen towards aromatic heterocycles [33, 82, 88, 127-129] (Scheme 2.14).  
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Scheme 2.14 Possible TMP photodegradation pathways. 

 

The same study was extended to SMX, so after 24 h of irradiation and using 18 as 

catalyst, LC-MS analysis was performed (Figure 2.42 a and b). 

 

Figure 2.42 LC-MC analysis for the identification products in the photocatalytic 

degradation of SMX using TDCPP@AcL, 18, with acetophenone as internal standard: a) 

t = 0 h, b) after 24 h. 
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In this case, the elution was performed with a flow rate of 0.4 mL min-1, using a 

mobile phase formed by H2O with 0.1% of formic acid (Eluent A) and acetonitrile with 

0.1% of formic acid (Eluent B). Table 2.16 displays the elution gradient used. 

Table 2.16 Mobile phase and elution gradient used for the LC-MS analysis of 

SMX. 

Time (min) Eluent Aa) Eluent Bb) 

0 90 10 

20 0 100 

23 0 100 

25 90 10 

35 90 10 

a) H2O (0.1% Formic Acid); b) Acetonitrile (0.1% Formic Acid). 

 

During the LC-MS run, a linear gradient starting with 90% A and 10% B was 

performed for the first 20 min until to achieve a 100% of B. Then, an isocratic gradient 

(100% B) was maintained along 3 min, and after this time another linear gradient was 

carried out to return to the initial eluents’ percentages (90% A and 10% B) during 2 min. 

Thus, this mobile phase composition was maintained until the end of the run.  The peak 

of SMX pre-irradiation was detected at 7.19 min and the internal standard corresponded 

to the peak at 8.67 min (Figure 2.42 a). After 24 h of irradiation, no degradation products 

were spotted, in fact only the peak of internal standard at 8.67 min was obtained  

(Figure 2.42 b). This result may be attributed to the high mineralization, corroborating 

the high TOC removal value (83%) and to the less recalcitrant nature of SMX. Moreover, 

it is necessary to mention that the mass interval used in this analysis was between  

m/z = 50 Da and 10000 Da, which points out that any remaining carbon-containing PPs 

possess very low molecular weights. 

Next, we performed the LC-MS analysis for the photodegradation of the 

TMP:SMX 1:5 w/w mixture, carried out under the same reaction conditions as for the 

SMX individual experiments (Figure 2.43).  
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Figure 2.43 LC-MC analysis of: a) the sample before irradiation; b) the sample 

obtained after 24 h of irradiation to identify the products in the catalytic degradation of 

co-trimoxazole (TMP:SMX 1:5 w/w ratio), using acetophenone as internal standard. 

 

Also in this case, the chromatogram of the solution in the beginning of the reaction 

showed the peaks corresponding to the two antibiotics involved, SMX and TMP, at  

7.17 min and 18.59 min, respectively and the acetophenone one at 8.64 min  

(Figure 2.43 a). After 24 hours of irradiation, no degradation products with m/z above 

100 Da were observed, as showed in Figure 2.43 b, in which the only peak detected 

corresponding to the acetophenone (tr = 8.64 min), again corroborating the previous 

findings. As in previous experiments, this result may be explained due to the high value 

for TOC removal. 

 

2.15 E. coli resistance assay 

Considering that the primary goal of this thesis was the TMP degradation to avoid 

its accumulation in water, and thus prevent development of bacterial resistance, we 

evaluated if bacterial exposure to the main photodegradation products (PPs) obtained 

after the degradation process, along 10 days, could cause resistance to TMP. To achieve 

that, firstly we determined i) the minimum inhibitory concentration (MIC) value of TMP 

and ii) if solution of 1 mg of PPs per mL has any inhibitory activity on E. coli ATCC 

8739 growth. Regarding the MIC of TMP, the value obtained (0.4882 µg mL-1) is within 

the normal range expected for an E. coli strain susceptible to TMP. On the other hand, a 
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solution of 1 mg of PPs per mL did not have any appreciable inhibitory activity. This is 

a consequence of two key aspects. The first one is related to the almost full TMP 

degradation (> 99%) as previously demonstrated by HPLC. Given the antibiotic’s low 

MIC value, even small quantities of TMP in the PPs solution would have caused bacterial 

growth inhibition. The second factor is that the PPs don’t have a significant MIC, which 

was expectable due to the huge fragmentation observed after the TMP degradation  

(as previously reported in Table 2.15).  

After determining the inhibitory activity of both TMP and the PPs solution, an  

E. coli resistance inducing assay was conducted, with a schematic representation 

presented in Figure 2.44. 

 

Figure 2.44 Schematic representation of E. coli resistance assay.  

 

Considering that continuous bacterial exposure to subinhibitory antibiotic 

concentrations is of the main mechanisms of bacterial resistance, we developed a protocol 

to evaluate E. coli’s ability to generate resistance to TMP when exposed to a subinhibitory 

concentration of PPs, using an exposure to a subinhibitory concentration of TMP as a 

control experiment. On the 1st day, bacteria of group A were exposed to a concentration 

of TMP equal to its MIC/2 value (~ 0.2441 µg mL-1), and bacteria of group B were 

exposed to a solution of 1 mg of PPs per mL. Then, after incubation at 37 °C in MH 

medium during 20 h, bacterial growth is expectedly observed due to the presence of sub-

inhibitory antibiotic concentrations. In the 2nd day, two standard inocula of approximately 

5×105 CFU/mL were prepared using the bacteria that grew in each group (A and B) and 
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the TMP MIC was determined for each inoculum according to the experimental procedure 

described in Chapter 4, section 4.3.3. This cycle of tests was repeated along 10 days. It is 

necessary to highlight that, each day that the TMP MIC value increases, bacteria will be 

exposed to a newly prepared TMP concentration, which is always equal to the half MIC 

value. The results of the E. coli TMP resistance inducing assay, after continuous exposure 

to subinhibitory concentrations of TMP and PPs, is reported in Figure 2.45. 

 

Figure 2.45 Resistance of E. coli to TMP after continuous exposure to 

subinhibitory concentrations of TMP and PPs. Results are presented as MIC of TMP in 

function of the number of days of E. coli exposure to TMP and PPs. 

 

Regarding the bacteria exposed to TMP, we observed an increase in the TMP MIC 

values along the 10 days. For instance, the MIC value of ~ 0.4882 µg mL-1, determined 

on the day zero, remains constant for the first two days. Then, an increase to  

~ 0.9765 µg mL-1 was registered until the 4th day with a consecutive enhancement until  

~ 1.953 µg mL-1 in the next day. Only in the 8th day we observed another MIC value 

change, ~ 3.906 µg mL-1, reaching ~ 500.0 µg mL-1 in the last day. This result is 

expectable as it has already been reported that exposure to sub-therapeutic TMP 

concentrations can cause resistance in bacteria, and several mechanisms have been 

identified [13]. Concerning the group of bacteria exposed to the PPs solution, no 

development of resistance was detected during the 10 days of this essay. Indeed, in the 

10th day, the MIC of bacteria exposed to TMP (group A) was already ~ 1000-fold higher 

than that of bacteria exposed to PPs (group B), which shows the efficiency of the 

photodegradation process developed in this thesis to promote the transformation of TMP 
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into low molecular weight products without any appreciable antimicrobial activity. In this 

way, the proposed goal of contributing for the decrease of bacterial resistance to the TMP 

was achieved.  

 

2.16 Conclusion 

In this chapter, two different approaches for the degradation of the TMP using 

porphyrin-based catalysts were described and discussed. The first method consisted in the 

development of a metalloporphyrin-based heterogeneous oxidative catalytic system, in 

which hydrogen peroxide was used as benign oxidant. To that end, the Mn(III) meso-

tetrakis(2,6-dichloro-3-sulfonatophenyl)porphyrin acetate (TDCPP) was found to act as 

the best catalyst under homogeneous aqueous conditions (in terms of stability and 

activity), for which the best TMP:Cat ratio of 500:1 promoted AB’s full degradation in 

150 min, in the presence of H2O2 as oxidant. Then, this porphyrin was successfully 

immobilized through covalent linkage onto an inexpensive solid support such as the  

3-aminopropyl functionalized silica gel. This new hybrid material was fully characterized 

by standard spectroscopic means and implemented in the heterogeneous approach. This 

system successfully achieved complete TMP degradation in 150 min, using a  

500:1 TMP:Cat ratio and H2O2 as oxidant (2.6 × 10-3 mol). The notable MnTDCPPS 

stability was evidenced by five reutilization cycles without negligible loss of activity and 

no porphyrin leaching. The main degradation products were identified by UPLC-MS and 

a plausible degradation pathway was proposed. Moreover, ecotoxicity studies were 

carried out for a TMP solution, considering the worst-case scenario, in which the TMP 

was present at saturated concentrations, and for the degradation products solution towards 

the bacterium V. fischeri, the microalgae R. subcapitata and the invertebrate  

B. calyciflorus microorganisms. These results only allowed to conclude that the examined 

solutions did not cause an increase in toxicity, even considering the laboratorial 

conditions, which required the use of an excess of hydrogen peroxide as well as the 

sodium bisulfite as quencher. 

In the search of even more sustainable catalytic processes, the second degradation 

method involved the action of light to catalytically promote the degradation of TMP in 

aerobic conditions. After implementing the best conditions for the homogeneous aqueous 

photocatalytic system, using the meso-tetra(2,6-dichloro-3-sulfonatophenyl)porphyrin 
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(TDCPP) as catalyst, a 400 W medium pressure mercury lamp as irradiation source and 

atmospheric oxygen as oxidant, a new photocatalyst was developed by encapsulating this 

free-base porphyrin into modified biopolymer nanoparticles of acetylated lignin, which 

was used as organic matrix. This novel hybrid catalyst 18 was applied in the 

photooxidation of TMP and extended to SMX, using a 500:1 AB:Cat ratio. This system 

showed successful performances, with complete degradation of the antibiotics in 4 h and 

20 min, respectively. One of the highest TOC values removal reported in literature was 

achieved, with 75% and 85% for TMP and SMX, respectively. In addition, we checked 

the material’s stability, where ten consecutive photocatalytic reutilization cycles were 

performed for TMP and SMX, without loss of catalytic activity or photosensitizer 

leaching. It should be emphasized that no photocatalyst recovery/reactivation was 

necessary in these experiments, as new antibiotic samples were added before each cycle. 

These results clearly demonstrate the activity, stability and reusability of the 

heterogeneous photocatalyst. In addition, this catalytic system was also applied to a 

mixture of TMP and SMX in a TMP:SMX 1:5 w/w ratio, using the commercial dosage 

of co-trimoxazole. Once again, 79% of TOC removal was obtained, showing a similar 

outcome to what was previously described for both antibiotics in separate. We analyzed 

the resulting reaction mixtures by LC-MS to identify possible degradation photoproducts 

and only the TMP revealed the formation of 2 photoproducts, while the other did not 

indicate the presence of products having m/z above 50 Da after 24 h of irradiation.  

Considering the AOPs herein described, for instance regarding the AB:Cat ratios, 

both in oxidative catalysis and in photocatalysis, our systems use much higher ratios of 

antibiotic towards the catalyst amount, representing a breakthrough by the fact that very 

low amounts of catalysts are necessary to efficiently degrade the target antibiotics.  

Nevertheless, in sum, we can undoubtedly conclude that the photocatalytic 

approach involving atmospheric O2 is a more sustainable and straightforward system, 

since it does not require the addition of an oxidant agent such as H2O2. Another important 

factor is that the heterogeneous catalyst material used lignin as organic catalyst support, 

the second most abundant natural organic polymer and a renewable resource on earth. 

Moreover, this photocatalytic system provides higher values of TOC removal, allowing 

to conclude that a superior amount of antibiotics was converted into CO2 and water, as 

also corroborated by LC-MS results. Unlike previous literature reports, no significant 

metal leaching and no appreciable decrease in photocatalytic activity were observed 
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which highlights the great stability and efficiency of this photocatalyst. Actually, we 

consider the developed reutilization method as very sustainable and convenient, since it 

only requires the introduction of portions of antibiotic before each cycle, avoiding 

consecutive separation, recovery and reactivation steps, which obviously involve the use 

of organic solvents.  

Finally, the success of this photocatalytic process in preventing the development 

of E. coli resistance to TMP must be highlighted. Indeed, along a 10-day exposure to the 

PPs solution, no change in E. coli TMP MIC was observed. In contrast, exposure to sub-

inhibitory TMP concentrations over the same period has resulted in a ~ 1000-fold increase 

in the TMP MIC. Bottom line, this means that the PPs produced by this heterogeneous 

photodegradation system could not promote the development of antimicrobial resistance. 

Overall, the work presented in this chapter successfully accomplished the initially 

described goals regarding the development of new systems that can potentially reduce 

antibiotic accumulation in the environment and bacterial resistance development, through 

a downstream approach (environmental remediation).  
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Chapter 3 

Development, characterization and evaluation of                    

TMP-based multicomponent solid forms 

 

3.1 Introduction 

The process of pharmaceutical solid forms development involves several steps 

before the commercialization of the final product [1]. As we have already mentioned in 

the introductory Chapter 1, the selection of co-formers, when aiming at multicomponent 

forms, is the key step in the design process. After identification of possible co-formers, 

the multicomponent solid forms screening is the subsequent stage. Regarding this, several 

methods are available and may be divided into solvent-based and solvent-free techniques 

[2]. These last ones are emerging in both academia and industry due to their compliance 

with the 12 Green Chemistry Principles [3] and the 17 Sustainable Development Goals 

by United Nations [4]. These principles recommend the use of more sustainable 

technologies with less toxic by-products and avoiding large amounts of hazardous 

solvents. In that regard, mechanochemistry has emerged as an attractive alternative to 

solution based methods in crystal engineering and supramolecular chemistry [5, 6]: 

physical form transformations are achieved through mechanical forces, favouring 

fractures and increasing the surface area, without solvents or using them only in traces 

[7-9]. Mechanochemistry has been the golden method for co-crystal and salt screening, 

and also for eutectic mixtures preparation [2, 10-12]. Taking this into account, we used a 

grinding method to develop new TMP solid-state forms, more precisely liquid assisted 

grinding (LAG) [13-15]. LAG and neat grinding (NG) are very similar techniques and 

consist in mixing stoichiometric amounts of solid-state individual components, 

particularly TMP and the co-former and grinding them manually or mechanically [2, 16, 

17]. Evidently, the use of pestle and mortar does not guarantee reproducibility of the 

process. To overcome this issue, solid components are normally loaded into a mill, quite 

often a ball mill one, as used in our work. The main difference between LAG and NG is 

the complete absence of solvent in NG, whereas it is used in traces in LAG. Nevertheless, 

this residual amount of solvent is enough to improve the kinetics, as in fact it acts as a 
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catalyst increasing the conformational, vibrational and rotational degrees of freedom and 

increasing molecular collisions [18]. The grinding outcome of LAG has often a higher 

degree of crystallinity when compared to that of NG processes which, quite often, give 

rise to amorphous phases. 

The principal goal of the work presented in this chapter was the development of 

new multicomponent solid-state forms of TMP, a BCS Class II drug [19] (solubility of 

0.4 mg mL-1 in water [20]), using mechanochemistry and several co-formers. The TMP 

tablets oral dosage is 100 mg every 12 h or 200 mg every 24 h, for 10 days. After oral 

administration, 10 to 20% is firstly metabolized in the liver and the residual portion is 

excreted unchanged [21]. This means that this remainder part, consisting of 80-90 %, will 

be released into the environment. Therefore, among the samples developed in this work, 

selected new solid forms are evaluated for their impact in TMP dissolution rate and/or 

antibacterial activity, in the pursuit of new candidate solid forms that can allow lowering 

TMP loads in solid drug products. Although the TMP-SMX combination is largely used, 

due to its low cost and its good action against common bacterial diseases, one of our 

intents is to enhance the TMP activity by using other coformers as an alternative to SMX, 

to achieve the same therapeutic effect.  

In literature, several research studies about the development of new 

multicomponent solids involving TMP as API have been reported. As an example, a series 

of salts have been developed such as TMP-nitrate [22], TMP-formate [23], TMP-maleate 

[24].  Egert and co-workers studied two co-crystals solvates, TMP+glutarimide and 

TMP+3,3-dimethylglutarimide by cocrystallization from DMSO and CH3OH solutions, 

respectively [25]. They discovered that the structures involved three adjacent hydrogen 

bonds (one N-H···N and two N-H···O) between the pyrimidine ring of TMP and the 

glutarimide imide group.  

TMP salt hydrates or solvates [26-28] have also been reported as well as multidrug 

TMP-based co-crystals [29, 30], stability tests have also been carried out and the real 

efficacy of the new combinations in relation to the API evaluated. Concerning this, 

Bhattacharya et al. prepared, by LAG, three TMP based salts with mefenamic  

(TMP-MFA-H2O), tolfenamic (TMP-TFA-H2O) and flufenamic acids (TMP-FFA-H2O), 

which are non-steroidal anti-inflammatory drugs [31]. After kinetic solubility tests, two 

of the three salt hydrates, TMP-MFA-H2O and TMP-TFA-H2O, showed an increase in 

solubility at pH 7.4, which consequently resulted in bioavailability enhancement when 
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compared to the reference APIs. Concerning multidrug co-crystals, in 2000 Bettinetti’s 

group discovered two co-crystal structures between TMP and sulfamethoxypyridazine 

(SMPD): an anhydrous form (TMP-SMPD) and an hydrate one (TMP-SMPD-H2O) [32]. 

After exposing the two crystals to humidity, authors concluded that the two forms were 

interconvertible. 

Furthermore, several studies showed that new solid forms TMP-based led to an 

improvement in the antibacterial activity compared to the API [1, 32]. For instance, 

ElShaer et al developed salts with a 1:1 molar ratio between TMP and anionic amino 

acids, aspartic and glutamic, by lyophilization [33]. These salts showed a 280-fold 

improvement in solubility at acidic pH (~ 5). Additionally, authors compared the 

antibacterial activity of the two salts and TMP alone against E. coli and Pseudomonas 

aeruginosa. The salts revealed higher inhibition zone for E. coli but no activity against  

P. aeruginosa, probably due to its complex membrane structure.  

As we mentioned before, the selection of the co-formers is crucial in the screening 

of API new solid-state forms. In this work, the co-formers were chosen in order to be 

able, a priori, to form reliable supramolecular heterosynthons with TMP, therefore having 

functional groups that are complementary to those of the API [34].  This is the most 

relevant starting point for co-crystal screening. Of course, acidic co-formers are important 

for TMP new salts screening. Even if supramolecular association will not be successful, 

eutectic mixtures are also of interest, in the context of our work. Therefore, we tried 

compounds belonging to the GRAS list and, besides the FDA approval, we also 

considered their great aqueous solubility, for instance for leucine (LEU), mannitol 

(MAN) and riboflavin (RIB). In addition, some of the chosen GRAS compounds were 

also selected due to their reported effects as antibacterial agents: uracil (URA) [35, 36], 

curcumin (CURC) [37], nicotinic acid (NIC) [38] and picolinic acid (PIC) [39]. Some 

APIs were also chosen as co-formers, in a potential dual-drug therapy perspective [40]. 

We tested acetaminophen (PARA), ibuprofen (IBU) mainly due to their massive use in 

the human daily life as analgesic, antipyretic and anti-inflammatory agents [41] as well 

as salicylic acid (SAL) and ciprofloxacin (CIP) (Figure 3.1). Paracetamol and ibuprofen 

have been pointed as bacterial growth inhibitor [42] and ciprofloxacin is a known 

antibiotic [43].  
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Figure 3.1 Structures of co-formers tested in TPM-based solid-state forms. 

 

As already mentioned in Chapter 1, in silico approaches have been developed to 

try to predict the propensity of two compounds to associate in supramolecular crystalline 

forms, particularly in what concerns co-crystals. Up to now, none of the tools could give 

correct predictions in all investigated cases. Nevertheless, promising results have been 

reported using the COSMO-Quick software [44, 45]. This thermodynamic approach 

considers the intermolecular interaction between the target API and the potential co-

former, in a specific stoichiometry, as the excess enthalpy, ΔHex, of an undercooled melt 

made up of the components. The molecular flexibility is also considered in the ffit 

parameter that conjugates both ΔHex and the number of rotatable bonds in the compounds. 

A higher propensity for supramolecular association is expected if negative ΔHex and low 

ffit values are obtained, although thresholds could not be established so far. The ΔHex and 

ffit values obtained using COSMO-Quick, for TMP and the selected co-formers, in an 

equimolar ratio, are shown in Table 3.1. Negative ΔHex are observed, except for LEU, 

and the highest ffit parameter is obtained for the combination of TMP with CURC, RIB, 

MAN and LEU, as expected. 
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Table 3.1. ΔHex and ffit values obtained using COSMO-Quick, for TMP and the 

selected co-formers, in an equimolar ratio. 

Coformer ΔHex (kcal mol-1) ffit 

SAL -3.04623 2.05577 

IBU -1.87031 4.25209 

NIC -1.18164 3.41015 

PARA -1.10386 3.99814 

CURC -1.01694 7.65645 

RIB -0.78577 7.37743 

MAN -0.77937 8.40423 

CIP -0.26305 5.34915 

PIC -0.22054 4.37126 

URA -0.08226 3.99934 

LEU 0.0691 6.1915 

 

 

3.2 Screening, preparation and characterization of TMP-based 

multicomponent solid forms 

In this work, we used a TMP commercial sample, purchased from Sigma-Aldrich, 

with a purity greater than 98%. A preliminary study of pure commercial TMP was carried 

out by DSC, FTIR and X-ray powder diffraction in the same experimental conditions used 

for the solid forms screening (Figure 3.2 a-c). Thus, in a typical experiment, ~ 70-80 mg 

of a total amount of individual compounds was placed into a 10 mL stainless-steel jar 

with two 7 mm balls. Then, 10 µL of dry ethanol were added to assist the grinding process 

accomplished at 30 Hz for 60 min. 
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Figure 3.2 a) X-ray powder diffractograms of commercial TMP (red line) and 

after grinding, LAG EtOH (black line); b) FTIR spectra of commercial TMP (black line) 

and TMP after LAG EtOH (red line), registered between 3600 and 500 cm-1; c) Heating 

DSC curves of commercial TMP (black line) and TMP after LAG ethanol-assisted (red 

line), registered between 25 ºC and 210 ºC (β =10 ºC min-1).  

 

Diffractograms of commercial TMP and TMP after LAG experiments (Figure 3.2 

a) agreed with literature [30, 46] corroborating the evidence that after grinding the API 

maintained the same polymorphic form, Form I, reported by Koetzle and co-workers [47] 

and deposited on the Cambridge Crystallographic Data Centre (CCDC, online database) 

with the reference nr 1102864. 

This non-alteration of the crystalline form was also confirmed by IR spectroscopy 

(Figure 3.2 b). Indeed, the experimental FTIR spectra of the two samples recorded 

between 3600 and 500 cm-1, are in agreement with the experimental results obtained by 

Ungurean et al [48]. Especially, the two characteristic bands at 3468 and  

3313 cm-1ascribed to stretching of amino group are visible. Then, the band between  

3112 and 2600 cm-1 are related to the C-H stretching vibrations of methylene and methyl 

groups. In the other part of the spectra, we have the first two bands at 1652 and  
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1634 cm-1 attributed to the bending deformation of amino groups, whereas bands at  

1457 and 1233 cm-1 are mainly ascribed to the bending vibrations of the amino groups 

and benzene ring, respectively. Additionally, an intense band is reported at 1121 cm-1 for 

the C-O stretching as well as that one registered at 998 cm-1. Finally, the last TMP 

characteristic band is at 797 cm-1 and corresponds to the bending deformations of the 

pyrimidine ring. As expected, both TMP samples show the same thermal behaviour 

(Figure 3.2 c). A single event is observed in the heating DSC curve, corresponding to the 

fusion at Tfus = (199.45 ± 0.2) ºC, ΔfusH = (48.8 ± 0.6) kJ mol-1.  

 

3.2.1 Development of TMP-based multicomponent forms using GRAS 

compounds 

The results of TMP multicomponent solid-form screening and development with 

GRAS substances are presented in this section. 

 

- Trimethoprim-curcumin system 

Our preliminary study started with the combination of TMP with CURC, one of 

the curcuminoids most abundant in nature and with promising features such as 

antioxidant, antibacterial, antiviral, anti-inflammatory [37]. CURC has two tautomeric 

forms, ketone and enol one and is structurally formed by two phenols connected by two 

α,β-unsaturated carbonyl groups. Despite its poor solubility in water (~0.8 µg mL-1), 

Nangia and co-workers have already studied several co-crystal systems between CURC 

and other APIs demonstrating that an enhancement of solubility of the new association 

may occur comparing with pure CURC and/or API [49]. Its association with TMP is also 

of interest, due to the potential additive antibacterial effect. 

TMP and CURC mixtures of different TMP molar fraction, 𝑥TMP, 0.2, 0.41, 0.43, 

0.45, 0.5, 0.59 and 0.8, were prepared by LAG, ethanol assisted. Their XRPD and FTIR 

spectra confirmed that no association in a co-crystal took place, as displayed in Figure 

3.3 a and b for 𝑥TMP = 0.43 mixture.  



Chapter 3 – Results 

 

144 

 

Figure 3.3 a) FTIR spectra registered between 3600 and 500 cm-1 of: TMP (black 

line), CURC (red line) and eutectic mixture of TMP-CURC mixture 𝑥TMP = 0.43 (blue 

line); b) X-ray powder diffractograms of: TMP (black line), CURC (red line) and TMP-

CURC mixture 𝑥TMP = 0.43 (blue line). All the spectra were recorded after LAG with 

EtOH. 

 

The mixture diffractogram (blue line, Figure 3.3 b), as well as the FTIR spectrum 

(blue line, Figure 3.3 a) are just the sum of the pure components’ contributions. 

Particularly, among the TMP FTIR bands previously mentioned, the pure curcumin bands 

were detected. Indeed, considering this one (Figure 3.3 a, red line) a peculiar broad weak 

band between 3506 and 3170 cm-1 was attributed to the stretching of O-H groups. Then, 

at 1626 and 1602 cm-1 the C=C stretching of alkene groups and C=O of carbonyl were 

detected, as well as a broad band at 1505 cm-1 corresponding to C=O stretching and  

C-C-C and C-C=O bending. The aromatic carbon stretching at 1426 cm-1 and the C-O 

bending at 1276 cm-1 were also visible. All the obtained experimental data agreed with 

literature [50].  

The DSC heating curves of the mixtures are depicted in Figure 3.4 a and the 

relevant thermodynamic parameters in Table 3.2.  
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Figure 3.4 a) DSC heating curves registered in a range of 30 °C and 210 °C: TMP 

(black line), CURC (red line), TMP-CURC 0.20 (orange line), TMP-CURC 0.41 (pink 

line), TMP-CURC 0.43 (purple line), TMP-CURC 0.45 (light blue line), TMP-CURC 

0.50 (grey line), TMP-CURC 0.80 (green line) and TMP-CURC 1:1 (blue line). All the 

thermograms were collected after LAG EtOH, (β = 10 ºC min-1). b) Binary solid-liquid 

phase diagram of TMP-CURC system at atmospheric pressure (dashed lines are guides 

for the eye).  

 

Table 3.2 Thermodynamic parameters experimentally obtained from DSC 

thermograms of TMP, CURC and their mixtures. 

Entry Compound Tfus (ºC) Tfus (ºC)exc 

1 CURC 183.2 ± 0.2 - 

2 TMP-CURC 0.80 147.6  188.5 

3 TMP-CURC 0.50 148.5  163.9 

4 TMP-CURC 0.45 149.3  157.0 

5 TMP-CURC 0.43 149.5 ± 0.3 - 

6 TMP-CURC 0.41 149.8  158.0 

7 TMP-CURC 0.20 148.4  169.6 

 

From the DSC heating curve of pure CURC after LAG EtOH (Figure 3.4 a, red 

line) the melting temperature Tfus = (183.2 ± 0.2) °C with a ΔfusH = (50.5 ± 0.5) kJ mol-1 

(Table 3.2, entry 1) is obtained in agreement with the work reported by Lee and co-

workers [51]. The thermograms of mixtures are characteristic of a eutectic forming 
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system, showing an invariant melting peak, at Tfus = 149 °C, followed by melting of the 

excess component. The binary solid-liquid phase diagram (Figure 3.4 b), was built using 

the experimental thermodynamic data reported in Table 3.2, facilitated the determination 

of the eutectic composition, which corresponds to 𝑥TMP = 0.43. In this graphic, the 

theorical liquidus values obtained from the Equation of Schöder-Van Laar (solid line) are 

depicted as well as the experimental data for liquidus (blue triangles) and solidus (red 

squares) attained from each TMP-CURC mixture. Assuming ideal mixture between the 

API and the co-former in the liquid phase and its total no miscibility in the solid phase, 

the liquidus curve may be estimated using the melting temperature and the enthalpy of 

fusion of each pure compound by the Equation of Schöder-Van Laar (Eq. 3.1): 

1

𝑇fus
=

1

𝑇fus
∗ −

𝑅𝑙𝑛𝑥𝑁

∆fus𝐻 
∗

                                                                  (3.1) 

in which, 𝑇fus is the melting temperature, 𝑇fus
∗  is the experimental melting 

temperature of pure compound, 𝑅 is the ideal gas constant, 𝑥𝑁 is the molar fraction of 

compound and ∆fus𝐻 
∗ is the experimental enthalpy of fusion of the pure compound. For 

this system, negative deviation from the ideal liquid mixture is observed. 

 

- Trimethoprim - nicotinic acid and trimethoprim – picolinic acid system 

Nicotinic acid, NIC, is well known as vitamin B3 and was one of the first sell 

market efficient lipid modifying drugs, reducing the amount of cholesterol from blood 

[52]. During decades, its administration and use has been limited by side effects, such as 

skin flushing, nevertheless the NIC interest was renewed due to its features in 

combination with other drugs. At this regard, Caires and coworkers [38] reported the 

formation by mechanochemistry of a new (1:1) co-crystal of norfloxacin, NOR, and NIC, 

due to the multiple interaction between the amine group of NOR and the aromatic 

nitrogen as well as the carboxyl group of NIC. In their work, they emphasize the solubility 

enhancement reached with this association as well as that one already reported with CIP 

[53] and hydrochlorothiazide [54].  

In our work, an equimolar mixture of TMP and NIC was submitted to LAG, 

ethanol assisted, and the XRPD analysis was carried out to attest the formation of a new 

solid form, TMP-NIC 1:1 LAG EtOH, Figure 3.5 a (blue line). The XRPD diffractograms 
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of NIC before and after grinding (Figure 3.5 a pink and red lines) were identical and in 

agreement with the X-ray pattern deposited with a CCDC 1219539 [55]. 

 

 

Figure 3.5 a) X-ray powder diffractograms of: commercial NIC (pink line), TMP 

(black line), NIC, LAG EtOH (red line), TMP-NIC 1:1 LAG EtOH (blue line) and  

TMP-NIC 1:1, thermal treatment, (orange line). The last four spectra were recorded after 

grinding with EtOH. b) DSC heating curves of: TMP (black line), NIC (red line),  

TMP-NIC 1:1, LAG EtOH (blue line) and TMP-NIC 1:1, after thermal treatment (orange 

line), collected in a range of 30-210 °C (β= 10 ºC min-1). c) TG and DTG curves for the 

TMP-NIC 1:1 EtOH, collected in a range of 30-600 °C (β= 10 ºC min-1). 

 

The DSC heating curve of the TMP-NIC 1:1 LAG EtOH mixture and pure 

compounds are depicted in Figure 3.5 b. The melting temperatures of both pure 

compounds were at higher fusion temperatures than that one of the new solid form. The 

pure NIC heating profile (Figure 3.5 b, red line) showed Tfus = (234.8 ± 0.2) °C and  

ΔfusH = (30.9 ± 0.5) kJ mol-1, in agreement to Caires report [38]. Regarding the (1:1) 
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TMP-NIC LAG, EtOH thermogram (blue line) it exhibits a complex profile with a low 

temperature endothermic event, T ~ 101 °C, immediately followed by an exothermic one 

and then a narrow peak of fusion at Tfus = (162.0 ± 0.2) ºC. The thermogravimetric curve, 

shown in Figure 3.5 c, confirms the first event as corresponding to the melting of a 

solvate which must be followed by crystallization of a new solid form. Thus, a sample of 

(1:1) TMP-NIC LAG EtOH mixture was placed in an oven at 100 °C under vacuum and 

for 12 h (t.t. TMP-NIC). The DSC thermogram of TMP-NIC, after this thermal treatment 

(orange line), presented a single endothermic event associated with fusion at  

Tfus = (162.0 ± 0.2) °C and ΔfusH = (50.3 ± 0.5) kJ mol-1.  

The X-ray powder diffractogram pattern of the (t.t.) TMP-NIC (Figure 3.5 a, 

orange line), has new unique Bragg reflections observed at 8.4º, 12º, 17º, 21.2º, 23.2º 

26.4º, 29.3º and 29.7º (highlighted by dashed ovals), as well as the absence of reflexions 

of the starting compounds, confirming the formation of a new solid form. Comparing this 

XRPD with the one of TMP-NIC, LAG (blue line), this last sample is identified as a 

mixture of TMP-NIC obtained after the thermal treatment (t.t.) with some other 

multicomponent form (a solvate).  

The FTIR spectra of pure compounds and of the mixtures are reported in Figure 

3.6.  

 

Figure 3.6 a) FTIR spectra registered between 3600 and 500 cm-1 of: TMP (black 

line), NIC (red line), TMP-NIC 1:1 (blue line) and TMP-NIC 1:1, after thermal treatment, 
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(orange line) after LAG with ethanol; b) zoom of overlapped FTIR spectra showing bands 

at 1656 and 1618 cm-1.  

 

The FTIR spectrum of pure NIC (Figure 3.6 a, red line) showed characteristic 

bands agreeing with literature [53, 56], for instance two broad bands at 2400 and  

1884 cm-1 resulting from intermolecular hydrogen bond between the aromatic nitrogen 

and carboxyl group and another one at 1702 cm-1 referred to the stretching of C=O 

carboxyl acid group. In the new solid form, this band is not observed and a new band 

around 1600 cm-1 appears ascribable to carboxylate anion C=O asymmetric stretching 

vibration. Attending to the pKa difference between trimethoprim (pKa=7.4) and nicotinic 

acid (pKa=4.4), the formation of a salt is expectable. The FTIR spectrum of TMP-NIC 

1:1, after thermal treatment in the oven (Figure 3.6 a, orange line) is additionally 

characterized by clear peaks shifts particularly at 3349 and 3428 cm-1 (indicated by the 

dashed rectangle) and the band shift at 1656 cm-1 (Figure 3.6 b, highlighted by first 

dashed oval).  

After the investigation on TMP-NIC performed in our work was completed, 

similar results were obtained by Hutchins and co-workers [57]. As we will perform 

further investigation concerning biopharmaceutical properties of this (1:1) TMP-NIC salt, 

we decided to keep the report of our results in this dissertation.  

 

The result achieved with this system led us to test one of the nicotinic acid 

isomers, the picolinic acid. PIC was identified in several biological medium, including 

human milk and pancreatic juice [58] and is reported as antimicrobial agent [59]. Caires 

and his research group [60] studied the formation of a new (1:1) co-crystal between CIP 

and PIC by mechanochemistry highlighting the solubility increment of cocrystals 

compared to the pure CIP. Thus, we ground TMP and PIC in a (1:1) stochiometric ratio 

and the thermal as well as the X-ray analysis are exhibited below (Figure 3.7 a and b, 

respectively).  
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Figure 3.7 a) DSC heating curves of: TMP (black line), PIC (red line), TMP-PIC 

1:1 (blue line) in a range of 25-250 °C (β= 10 ºC min-1); b) X-ray powder diffractogram 

of: commercial PIC (pink line), TMP (black line), PIC (red line) and TMP-PIC 1:1 (blue 

line). These last three diffractograms were recorded after LAG, EtOH assisted. 

 

The pure PIC (Figure 3.7 a, red line) presented an endothermic peak with a  

Tfus = (136.1 ± 0.2) °C with ΔfusH = 29.2 ± 0.5 kJ mol-1 which are similar to those reported 

by Nascimento and co-workers [61]. The thermogram of the 1:1 TMP-PIC sample 

showed a single event with a Tfus = (209.6 ± 0.3) ºC and a ΔfusH = (70.1 ± 0.5) kJ mol-1, 

higher than those of the pure components, which is the decisive evidence of the formation 

of a new supramolecular solid form. Regarding the X-ray analysis, the PIC did not modify 

its crystalline form after the grinding process as showed Figure 3.7 b (pink and red line) 

and the diffractogram was the same reported by Hamazaki et al (CCDC nº 130513) [62]. 

As expected, the diffraction pattern of the (1:1) TMP-PIC sample showed new 2θ 

reflexions confirming the formation of a new supramolecular solid form, namely at 7.7º, 

11.1º, 14.7º, 15.7º, 19.8º, 34.4º. Then, the infrared study was also carried out for all the 

individual compounds and the new form (Figure 3.8). 
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Figure 3.8 a) FTIR spectra registered between 3600 and 500 cm-1 of: TMP (black 

line), PIC (red line) and (1:1) TMP-PIC (blue line); b) zoom of overlapped FTIR spectra 

showing the formation of new bands. 

 

IR spectrum of PIC (Figure 3.8, red line) exhibited two broad bands between 

2770 and 2330 cm-1 resulting from the intermolecular hydrogen bonds existing between 

the carboxyl acid group and the nitrogen of the aromatic ring. These bands are not 

presented in the mixture, confirming a new association involving picolinic acid 

molecules. Then, in the fingerprint region we could distinguished other three bands at 

1707, 1584 and 1447 cm-1 which may be assigned to the C=O of carboxylic group, C=C 

and C=N in the aromatic ring respectively. All these bands are typically ascribed to the 

PIC as Koczoń and co-workers have already reported [56]. As for the TMP-NIC 

association, the carboxylic acid stretching of PIC is absent in the new system spectrum 

and two new bands at 1493 and 1387 cm-1 appear, which are attributable to the 

asymmetric and symmetric C=O stretching vibration of the carboxylate anion, 

respectively. Additionally, the ΔpKa = pKabase- pKaacid = 2 points out to a salt formation.  

 

- Trimethoprim – other GRAS compounds’ systems 

Mannitol, leucine, riboflavin and uracil were GRAS compounds also investigated 

as co-formers in the screening of TMP multicomponent solid forms. Their choice results 

from their structural features, high aqueous solubility and from their biological effects. 
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MAN is a natural polyol (1,2,3,4,5,6-hexanehexol) commonly found in nature, 

such as in mushrooms and marine algae, widely used in food, particularly for diabetics, 

[63]. It is a common excipient in the pharmaceutical industry and, additionally, activity 

as an antianginal drug used as cardiovascular agent has been reported [64]. Leucine, LEU, 

is an essential amino acid with amino and carboxylic groups which may interact with API 

functional groups as donors and acceptors of hydrogen bonds. Indeed, this class of 

compounds was considered the main co-former to developed ionic co-crystals due to their 

suitability [65]. In addition, they are extremely soluble in water: for instance, the 

solubility of LEU in water is 69.8 g L-1 at 25 °C, so in association with API it has potential 

to increase the solubility/dissolution rate [66]. Regarding riboflavin, RIB, it is normally 

known as water-soluble vitamin B2 and essentially found in food. Several research 

studies have demonstrated its nature as antioxidant agent as well as its correlation with 

neurological disorders and some cancers [67]. As we mentioned in the beginning of this 

paragraph, since our co-formers choice was led on both the possibility of formation of 

reliable heterosynthons with TMP and on the relevance of their use, it is easy to realize 

why the URA was chosen. It is one of the four nitrogenous bases constituting the RNA 

and one of the most relevant pharmacophores being a scaffold for a huge variety of 

commercial drug. Furthermore, URA and its derivatives are normally associated to 

several cancer treatments [68].  

The results obtained in the screening of TMP solid forms using LEU, RIB and 

URA as co-formers, confirmed that neither co-crystals nor salts could be obtained with 

neither of them. This confirms the predictions made using the COSMO-Quick software: 

the ΔHex values obtained, Table 3.1, are positive for the association of TMP with LEU 

and close to zero for URA as co-former. The ffit values are quite high for LEU, RIB and 

also for MAN (of the order of 6 -8), as was observed for TMP-CURC.  

For these three systems, the X-ray powder diffraction analysis, Figure 3.9, 

showed that all the co-formers after grinding, EtOH assisted, exhibited reflections at the 

same 2θ values. Furthermore, the diffractograms unequivocally demonstrate the 

formation of physical mixtures. 
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Figure 3.9 X-Ray powder diffractograms for: a) TMP-LEU system: commercial 

LEU (pink line), LEU (red line), TMP (black line) and TMP-LEU 1:1 (blue line) all after 

LAG with EtOH; b) TMP-RIB system: commercial RIB (pink line), RIB (red line), TMP 

(black line) and TMP-RIB 1:1 (blue line) all after LAG with EtOH; c) TMP-URA system: 

commercial URA (pink line), URA (red line), TMP (black line) and TMP-LEU 1:1 (blue 

line) all after LAG with EtOH. 

 

The FTIR spectra reported in Figure 3.10 for each system are, as expected, the 

sum of those of the pure solid compounds.  Regarding pure LEU (Figure 3.10 a, red line), 

all the experimental bands agreed with literature [69]. A broad band was detected in the 

region of 2955 cm-1 ascribed to the stretching of CH2 group. In the other region of the 

spectrum, bands at 1600 and 1571 cm-1 may be attributed to the carboxylate group stretch, 

then at 1401 cm-1 was identified the bending of CH3 group and in the region between 

1360 and 1315 cm-1 a series of bands are attributed to the C-C stretching. Furthermore, a 

broad peak at 1001 cm-1 corresponds to the stretching of CN group. The same evaluation 

was performed for the RIB (Figure 3.10 b, red line), displaying typical bands already 
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described in literature [70]. Especially, in the first section of the spectrum, a broad band 

between 3492 and 3110 cm-1 was attributed to the stretching of NH and OH. Then, we 

observed at 1730 cm-1 the C=O stretching and the C=C (of the rings) stretching between 

1641 and 1498 cm-1, at 1241 cm-1 the OH bending and the C-O stretching between  

1069 and 987 cm-1. In pure URA (Figure 3.10 c, red line) infrared spectra, a broad band 

between 3084 and 2925cm-1 corresponding to the N-H and C-H (ring) stretching were 

distinguished, as well as two bands at 1712 and 1637 cm-1 for the C=O and C=C 

stretching. Then, the NH bending, and the stretching of C-N were displayed at 1414 and 

1388 cm-1, respectively.  

 

Figure 3.10 FTIR spectra registered between 3600 and 500 cm-1 of: a) TMP 

(black line), LEU (red line) and TMP-LEU 1:1 (blue line) after LAG with EtOH; b) TMP 

(black line), RIB (red line) and TMP-RIB 1:1 (blue line) after LAG with EtOH; c) TMP 

(black line), URA (red line) and TMP-URA 1:1 (blue line) after LAG with EtOH. 
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The thermal behaviour of the equimolar binary mixtures of trimethoprim with 

these co-formers is shown in Figure 3.11, all presenting melting temperatures below that 

of pure TMP, as expected, TMP-LEU Tfus = (196.7 ± 0.3) ºC; TMP-RIB Tfus = (192.8 ± 

0.2) ºC; TMP-URA Tfus = (188.4 ± 0.3) ºC.  

 

Figure 3.11 DSC heating curves registered between 25 ºC and 220 ºC (β = 10 ºC 

min-1) of: a) TMP (black line), TMP-LEU 1:1 (blue line) after grinding with EtOH; b) 

TMP (black line), TMP-RIB 1:1 (blue line) after grinding with EtOH; c) TMP (black 

line), TMP-URA 1:1 (blue line), URA (red line) after grinding with EtOH. 

 

All these three co-formers have high melting/decomposition temperatures. In the 

case of LEU and RIB, we were not able to collect the DSC thermograms due to their high 

melting temperature. This value has been reported in literature at a temperature > 300 °C 

for LEU [71] and above 298 °C for RIB [72] followed by a decomposition. This fact 

precludes further thermal behaviour investigation for these systems.  

Concerning TMP-MAN mixtures, no association in a supramolecular form was 

also observed as confirmed by the FTIR spectrum, depicted in Figure 3.12 for a (1:1) 

TMP-MAN, LAG EtOH, mixture and from the DSC curves obtained for several mixtures 

with different composition (Figure 3.13 a).  
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Figure 3.12 FTIR spectra registered between 3600 and 500 cm-1 of TMP (black 

line), MAN (red line) and mixture of TMP and MAN (blue line) in a proportion of 1:1 

after LAG. 

 

The FTIR spectrum of pure MAN (Figure 3.12, red line) shows sharp peaks at 

3384 and 3279 cm-1 ascribed to stretching vibrations of O-H, and other feature peaks 

detectable in the "fingerprint" region: at 1419 and 1281 cm-1 the H-C-O bending, at  

1076 and 1018 cm-1 the stretching of C-O and at 879 cm-1 the C-C stretching, agreeing 

with what is found in literature [73]. Comparing the pure compounds FTIR spectra with 

that of the 0.5 mixture (Figure 3.12, blue line), it is evident that the TMP-MAN spectrum 

is the sum of each pure component FTIR bands. The thermograms showed in Figure 3.13 

a are typical of an eutectic forming system. The thermogram of MAN before and after 

the LAG with EtOH (Figure 3.13, dashed dark red and red line) showed the same melting 

temperature at Tfus = (165.7 ± 0.2) °C, ΔfusH = (52.1 ± 0.5) kJ mol-1 (Table 3.3, entry 1), 

agreeing with Gombás et al [74]. The binary solid liquid phase diagram for TMP-MAN 

system was also simulated using Eq. 3.1 and is presented in Figure 3.13 b, together with 

the experimental liquidus and solidus points. 
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Figure 3.13 a) DSC heating curves registered between 25 °C and 350 °C of: 

commercial MAN (dashed red line), TMP (black line), MAN (red line), TMP-MAN 0.80 

(orange line), TMP-MAN 0.70 (pink line), TMP-MAN 0.50 (blue line) and TMP-MAN 

0.40 (green line) after LAG EtOH; b) Binary solid-liquid phase diagram of TMP-MAN 

system at atmospheric pressure. 

Table 3.3 Thermodynamic parameters obtained for TMP, MAN and their 

mixtures from their DSC thermograms. 

Entry Compound Tfus (ºC) Tfus (ºC)exc 

1 MAN 165.7 ± 0.2 - 

2 TMP-MAN 0.40 163.3 170.8 

3 TMP-MAN 0.50 160.7 174.4 

4 TMP-MAN 0.70 162.3 185.8 

5 TMP-MAN 0.80 161.8 189.9 

 

The eutectic mixture is expected to be mainly composed of MAN, which would 

not be useful and, therefore, no further investigation on this system was carried out.  

 

3.2.2 Development of TMP-based multicomponent solid forms using co-API 

molecules  

During our investigation, in addition to GRAS compounds, other API molecules 

were also tested in combination with TMP to screen the formation of multi-API  

co-crystals/multicomponent solid forms. Although these forms have great potential for 
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drug development with combined action as reported in the introduction, this type of  

co-crystal/multicomponent solid form has not yet been extensively investigated [75].  

 

- Trimethoprim-paracetamol system 

Paracetamol was chosen as it is one of the most worldwide used drugs for pain 

and fever, due to its antipyretic, non-opioid analgesic, and non-steroidal anti-

inflammatory effect [76]. It is classified as class III compound in the BCS, meaning an 

high solubility and low permeability API [77]. This compound has already been quite 

explored in co-crystallization experiments, for instance with oxalic acid [78] and 

trimethylglycine [79]. In both cases, co-crystals enhanced its stability and tabletability, 

since PARA alone collapses after tablet formation. It has also been investigated as an 

antibacterial agent for Gram positive bacteria [42].  

We tried several TMP-PARA mixtures and the corresponding DSC curves are 

exhibited in Figure 3.14 a, and selected X-ray powder diffractograms and FTIR spectra 

in Figures 3.14 b and c, respectively. 
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Figure 3.14 a) DSC curves registered in a range from 30 °C to 210 °C of: TMP 

(black line), PARA (red line), TMP-PARA 0.20 (green line), TMP-PARA 0.27 (orange 

line), TMP-PARA 0.30 (pink line), TMP-PARA 0.50 (blue line), TMP-PARA 0.80 (dark 

green line) (β of 10 ºC min-1); b) X-ray powder diffractograms of commercial PARA 

(pink line), TMP (black line), PARA (red line) and TMP-PARA 0.27 (blue line); c) FTIR 

spectra registered between 3600 and 500 cm-1 of TMP (black line), PARA (red line) and 

TMP-PARA 0.27 (blue line), LAG EtOH. 

 

 Thermodynamic relevant parameters obtained from DSC curves, are presented in 

Table 3.4. 

Table 3.4 Thermodynamic parameters experimentally obtained for TMP, PARA 

and their mixtures, from DSC thermograms. 

Entry Compound Tfus (ºC) Tfus (ºC)exc 

1 PARA 168.6 ± 0.2 - 

2 TMP-PARA 0.80 144.1 190.2 

3 TMP-PARA 0.50 144.5 169.4 

4 TMP-PARA 0.30 145.1 151.3 

5 TMP-PARA 0.27 145.6 ± 0.3 - 

6 TMP-PARA 0.20 145.4 152.4 

 

PARA melting temperature is equal to that reported by Zeitler and co-workers 

[80], Tfus = (168.6 ± 0.2) °C with a corresponding enthalpy of fusion of  

ΔfusH = (28.0 ± 0.5) kJ mol-1 (Table 3.4, entry 1). The diffractograms of PARA before 

and after LAG experiments confirms that no changes occur and that we are working with 

its stable form reported by Howard and co-workers (CCDC nr 129925) [81]. The 

experimental results concerning the mixtures, confirm a eutectic forming system 

behaviour, with a sum of the pure compounds contribution registered both in the XRP 

diffractograms and FTIR spectra. Analysing the FTIR spectrum of TMP-PARA 0.27 

mixture (Figure 3.14 c, blue line), among the TMP characteristic peaks, those of pure 

PARA (Figure 3.14 c, red line) are in accordance with other research studies [82]: bands 
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at 3323 cm-1 ascribed to O-H, C=O and C=C stretching appeared at 1654 and 1611 cm-1, 

respectively. Furthermore, the bending of N-H amide and asymmetrical C-H were 

assigned at 1565 and 1505 cm-1 and symmetrical bending in C-H and C-N of aryl group 

stretching were identified at 1365-1325 cm-1. 

The eutectic composition 𝑥TMP = 0.27, was obtained from the binary solid-liquid 

phase diagram (Figure 3.15), built using the experimental data reported in Table 3.4. the 

experimental eutectic composition is not much different from the value estimated using 

Eq. 3.1 (Figure 3.15). 

 

Figure 3.15 Binary solid-liquid phase diagram of TMP-PARA system at 

atmospheric pressure.  

 

- Trimethoprim – salicylic acid and trimethoprim - ibuprofen systems 

Considering the results obtained when acid co-formers were associated with TMP, 

namely NIC and PIC reported above, investigation was also carried out with salicylic acid 

and ibuprofen. 

SAL is a natural compound, typically known as an active metabolite of aspirin. It 

is a mono-hydroxyl benzoic acid widely used as anti-inflammatory, bacteriostatic and 

fungicidal agent to treat skin diseases such as dermatitis, psoriasis and acne [83]. Hence, 

an equimolar mixture of this co-former with TMP was submitted to LAG EtOH, and DSC 

heating curves registered, Figure 3.16 a. 
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Figure 3.16 a) DSC heating curves registered between 30 °C and 210 °C (β= 10 

ºC min-1) of: TMP (black line), SAL (red line), TMP-SAL 1:1 (blue line) after LAG 

experiments; b) X-ray powder diffractograms of: SAL commercial (pink line), TMP 

(black line), SAL (red line) and TMP-SAL 1:1 (blue line). These last three were recorded 

after grinding with EtOH; c) FTIR spectra registered between 3600 and 500 cm-1 of: TMP 

(black line), SAL (red line) and TMP-SAL 1:1 (blue line) after grinding with ethanol. 

 

The thermogram of pure SAL (Figure 3.16 a, red line) showed a melting peak at 

Tfus = (154.4 ± 0.2) °C as that documented in literature [84], with fusion enthalpy of  

ΔfusH = (22.3 ± 0.5) kJ mol-1. The DSC curve of 1:1 TMP-SAL combination (Figure 3.16 

a, blue line) revealed a sharp endothermic peak at Tfus = (185.3 ± 0.2) °C,  

ΔfusH = (49.0 ± 0.5) kJ mol-1. The presence of this narrow peak with a fusion temperature 

between those of the individual pure compounds is conclusive evidence of the formation 

of a new solid form composed of both components. Furthermore, this thermogram also 

showed another broad peak with an onset temperature < 100 ºC, which is compatible with 

dessolvation of a solvate during the heating run, giving rise to the solid form that melts at 
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Tfus = 185.3 ºC. This result is not unexpected as salt-solvate/hydrate formation between 

TMP and acid co-formers has been quite documented [27, 31] and was also identified in 

our work for the TMP-NIC system. Considering the TMP and SAL pKa values of 7.4 

[85] and 3 [84], respectively, the ΔpKa value is 4.4, which points to salt formation, as 

predicted by the salt proton-transfer rule [86].  

The SAL diffractogram registered after the EtOH-assisted grinding process is 

different from that of the commercialized sample. This means that a rearrangement in the 

SAL crystalline form occurs during the milling process. This diffractogram was not found 

in the CCDC database, which contains all the crystalline forms resolved worldwide, 

therefore, at this regard, future studies will have to be performed. In Figure 3.16 b we 

obtained clear evidence that TMP-SAL mixed in a stoichiometric ratio, LAG EtOH (blue 

line) produced a new X-ray diffraction pattern, with reflexions at 2θ values different from 

those of the starting materials: new Bragg reflections were detected at 5.7º, 7.5º, 8.6º, 

13.2º, 14.2º, 21.7º, 24.5º.  

The FTIR spectrum of pure SAL (Figure 3.16 c, red line) showed at 3230 cm-1 

and between 2993 and 2840 cm-1, O-H and C-H stretching bands, respectively. Then, the 

stretching band of C=O was identified at 1654 cm-1, while at 1609 and 1442 cm-1 C=C 

and C-C stretching bands are visible. The phenolic stretching vibrations (C-OH) were 

assigned to 1290 and 1149 cm-1 and of the phenolic O-H bending at 1323 cm-1. The 

detected wavenumbers are coherent with those described by Jana and co-workers [83]. 

As expected, the infrared spectrum of 1:1 TMP-SAL solid form obtained by LAG EtOH, 

Figure 3.16 c, shows remarkable differences when compared with the pure components.  

 

The association between TMP and IBU (as racemate) was also investigated during 

this thesis. IBU a non-steroidal anti-inflammatory drug, is one of the most worldwide 

prescribed APIs. Despite being classified as BSC class II [87], its association with TMP 

may be of interest in a dual-drug therapy perspective. [88, 89]. DSC heating curves and 

X-ray powder diffractograms of the starting compounds and of a (1:1) TMP-IBU mixture 

prepared by grinding, ethanol assisted, are presented in Figures 3.17 a and b. 
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Figure 3.17 a) DSC curves of: TMP (black line), IBU (red line), TMP-IBU 1:1 

(blue line), after EtOH-assisted grinding and collected in a range of 25-210 °C  

(β= 10 ºC min-1); b) X-ray powder diffractogram of: commercial IBU (pink line), TMP 

(black line), IBU (red line) and TMP-IBU 1:1 before the oven (blue line). These last three 

spectra were recorded after grinding with EtOH; c) FTIR spectra registered between 3600 

and 500 cm-1 of: TMP (black line), IBU (red line) and TMP-IBU 1:1 (blue line). 

 

The results clearly show the association of these two APIs in a new 

supramolecular solid form. The DSC curves (Figure 3.17 a) of the (1:1) TMP-IBU (LAG) 

displayed a single, sharp melting peak at Tfus = (131.2 ± 0.2) °C and  

ΔfusH = (76.9 ± 0.5) kJ mol-1, well above the melting temperature of pure IBU  

(Tfus = (75.7 ± 0.2) °C, in agreement to the literature [87],  

ΔfusH = (24.8 ± 0.6) kJ mol-1). In the X-ray powder diffractogram of the mixture (Figure 

3.17 b, blue line), a new set of reflections is observed, for instance at 2θ values of 9.0º, 

11.0º, 18.4º, 20.9º, 23.1º, 23.9º, corroborating the formation of a new supramolecular 
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solid form, with no evidence of excess of starting materials. In this case, considering the 

TMP pKa and that one of the IBU [90], the ΔpKa = pKabase - pKaacid = 3, meaning that 

both cocrystal or salt formation are expectable [86]. FTIR spectra of IBU, TMP and the 

new solid form were recorded between 3600 and 500 cm-1 and are reported below (Figure 

3.17, c). IBU after grinding preserved its initial crystalline form, that one reported by 

McConnell in 1974 [91] and deposited with a CCDC nr 1179382, and its FTIR spectrum 

(Figure 3.17 a, red line) showed bands with the same maxima values reported by 

Ramachandran and co-workers [92]. In IBU spectrum, the band at 1700 cm-1 corresponds 

to the C=O stretching and, regarding the (1:1) TMP-IBU FTIR spectrum (Figure 3.17 c 

blue line), evidence exists that carboxylate anion is formed, and therefore that a salt was 

obtained. This is corroborated by the high shift of the NH stretching vibration of TMP. 

Despite a considerable number of attempts to obtain single crystal suitable to  

X-ray diffraction resolution of the crystalline structure of these new supramolecular 

TMP-based solid forms, until now, as it is not uncommon, we were not successful.  

 

- Trimethoprim – ciprofloxacin system 

The last compound combined with TMP was CIP due to its broad spectrum of 

activity and many therapeutic options. Indeed, it is sold worldwide with ~ 300 different 

names showing huge antibacterial activity and so it is used also for urinary infections 

[93]. Several research works have already been reported in literature about combination 

of CIP with other co-formers particularly to enhance the antibacterial activity against  

E. coli [94]. The investigation of binary TMP-CIP mixtures obtained by LAG, EtOH, 

allows concluding that physical mixtures are obtained, Figure 3.18 a, b, c and d.  
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Figure 3.18 a) X-ray powder diffractograms of: TMP (black line), CIP (red line) 

and TMP-CIP 0.55 (blue line) after grinding with EtOH; b) DSC curves registered with 

β = 10 ºC min-1 of: TMP (black line), CIP (red line), TMP-CIP 0.20 (blue line), TMP-CIP 

0.40 (light green line), TMP-CIP 0.45 (grey line), TMP-CIP 0.47 (purple line), TMP-CIP 

0.55 (dark green line), TMP-CIP 0.80 (pink line); c) FTIR spectra registered between 

3600 and 500 cm-1 of: TMP (black line), CIP (red line) and TMP-CIP 0.51 (blue line); d) 

Representation of solidus temperature and final melting/decomposition temperature as a 

function of composition for TMP-CIP mixtures; simulated liquidus line for TMP (dashed 

lines are guides for the eye). 

 

Pure CIP X-ray powder diffractogram shows that we are working with polymorph 

B described in the patent WO 2019/067851 A1 [95]. The mixtures diffractogram, 

exemplified in Figure 3.18 a for a 𝑥TMP = 0.55 mixture, blue line, are the overlap of pure 
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TMP and CIP XPRD ones. The FTIR spectrum of the mixture is also, as expected, the 

sum of those of the pure components. Relevant bands of CIP are marked in Figure 3.18 

c, in accordance to the literature reports [53], showing a low intense band between  

3040-2850 cm-1, representing the C-H stretching, and the two stretching bands of the 

carboxyl group at 1584 and 1368 cm-1 confirming the zwitterionic form of this API. 

Additionally, a strong band at 1616 cm-1 was observed and assigned to the ketone group 

stretching while the C-F group was exhibited bands at 1032 and  

1022 cm-1.  

Pure CIP was analysed by DSC (Figure 3.18 b, red line) showing melting point 

at Tfus = (270.6 ± 0.2) °C (Table 3.5, entry 1), in agreeing with literature [53], followed 

by decomposition. The solidus and final melting/decomposition temperature values 

obtained from DSC curves for TMP-CIP mixtures are presented in Table 3.5. Although 

decomposition precludes the drawing of a reliable solid-liquid binary phase diagram, the 

representation shown in Figure 3.18 d, points to a minimum value of melting temperature 

for a  𝑥TMP = 0.85 mole fraction. Mixtures of this composition, as well as an equimolar 

one, were chosen to be the object of further investigation concerning their antibacterial 

activity. 

Table 3.5 Thermodynamic parameters experimentally obtained from TMP, CIP 

and their mixture thermograms. 

Entry Compound Tfus (ºC) Tfus (ºC)exc 

1 CIP 270.6 ± 0.2 - 

2 TMP- CIP 0.80 195.0  215.4 

3 TMP- CIP 0.55 194.5  241.8 

4 TMP- CIP 0.47 192.0 240.6 

5 TMP- CIP 0.45 195.3 245.8 

6 TMP- CIP 0.40 193.8 247.2 

7 TMP- CIP 0.20 189.3 257.0 

 

 

3.3 Dissolution rate tests 

The next step of our research involved the selection among all multicomponent 

solid-forms described above, of those which will undergo intrinsic dissolution rate tests. 
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So, TMP-NIC, TMP-PARA and TMP-IBU were the three-systems selected to continue 

this study.  

These systems were selected according to the TMP potentiality when associated 

to these co-formers. In the case of PARA and IBU, these APIs are typically administrated 

to reduce pain due to their analgesic and anti-inflammatory properties and in addition to 

TMP may facilitate the patients’ treatments. Additionally, rare side effects are 

documented for PARA and in fact it may be taken by pregnant women which often suffer 

of urinary infection problems [96]. Also, it is well reported that these two drugs as well 

as other analgesics represent a huge production percentage in the pharmaceutical industry 

and evaluations show that their demand will grow exponentially in next years [97]. 

Whereas it is well described that using NIC in combination with other APIs of BCS Class 

II may produce an enhancement in the API solubility/dissolution rate [98].  

The dissolution rate testes were carried out with SOTAX dissolution rate tester 

(USP 2 model) with 6 glass vessels (1 L) (Figure 3.19) according to the United States 

Pharmacopeia (USP) [99].  

 

Figure 3.19 SOTAX dissolution rate tester, USP 2 model. Zoom image shows 

tablet assembled with the shaft and immersed into the 0.01 M HCl solution at time zero. 

 

In a typical experiment, we firstly prepared a solution of HCl 0.01 M, 900 mL 

were added into each glass vessel and then heated for 2 h until reaching a temperature of 

37 °C. After that, tablets with 8 mm of diameter were prepared for TMP, each coformer 

and for the 3 multicomponent solid-forms, using ~ 50 mg of each powder by compression 
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with a hydraulic press and applying 1 ton for 30 s. After the tablet preparation, each die 

containing the tablet was assembled with a shaft in the equipment to expose the tablet 

surface horizontally (zoom Figure 3.19). The experiment was led for 45 min at 37 °C and 

with a rotating stirrer speed of 50 rpm. During this time, 5 mL of sample was collected 

from each vessel after 5, 15, 25, 35 and 45 min and then injected in the HPLC. After the 

test, the samples were recovered and dried to be analysed by XRPD.  

The HPLC analysis was led to detect the amount of TMP dissolved from the 

tablets in the medium along the run time. A TMP calibration curve (Figure 3.20) was 

carried out before the analysis to obtain the value of TMP concentration and consequently 

its mass values in each collected sample. 

 

Figure 3.20 TMP calibration curve obtained with a mobile phase of formic acid: 

acetonitrile (85:15 w/w) in isocratic mode.  

Area(TMP) = (28.29×103 ± 0.21×103) [TMP] + (– 0.8×104 ± 1.2×104), r = 0.99972. 

 

The HPLC analysis of TMP was performed using a mixture of formic acid and 

acetonitrile 85:15 (w/w) as mobile phase, with a flow rate of 1.5 mL min-1. A RP column 

was used, the oven temperature was set at 30 ºC and the TMP concentration was analysed 

in a range of 0.5 and 50 µg mL-1. The concentration of dissolved TMP, retention time of 

2.936 min, was detected at λ = 270 nm. In this case, we obtained a calibration curve with 

the equation of Area(TMP) = (28.29×103 ± 0.21×103) [TMP] + (– 0.8×104 ± 1.2×104), 

which will be used in the calculation of the concentration of TMP dissolved during the 

dissolution rate tests. The results for each system are reported in Figure 3.21. 
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Figure 3.21 TMP amount (a-c) or co-former (d) dissolved as a function of time:  

a) from pure TMP (dashed black line), and from TMP-NIC salt (green line); b) from pure 

TMP (dashed black line), and from TMP-PARA eutectic mixture (green line); c) from 

pure TMP (dashed black line), and from TMP-IBU salt (green line). d) amount of co-

formers dissolved from pure solids, as a function of time. All values were obtained by 

HPLC using a mobile phase of formic acid and acetonitrile (85:15 w/w) in isocratic mode.  
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Table 3.6 TMP dissolution rate values experimentally obtained after HPLC 

analysis.  

 

 

 

 

 

 

 

 

 

 

 
a) TMP dissolution rate calculated during the TMP-NIC experiment; b) TMP dissolution rate 

calculated during the TMP-PARA experiment; c) TMP dissolution rate calculated during the TMP-IBU 

experiment.  

 

As showed in Table 3.6 and Figure 3.21 a, the TMP dissolution rate from the 

TMP-NIC salt (green line) is 25% higher than the pure TMP dissolution rate (dashed 

black line) obtained in the same experiment (Table 3.6, entry 1 and 2). This may be caused 

by the high NIC (Figure 3.21 d, dashed orange line) showing a better dissolution rate in 

the same experimental conditions. In the case of TMP-PARA system, the TMP 

dissolution rate from the eutectic mixture (Figure 3.21 b, green line) showed only a slight 

increment of 5% compared to that of pure API (dashed black line) (Table 3.6, entry 3 and 

4). In this case, we observed a visible enhancement in the tabletability when compared to 

the PARA alone as previously mentioned in literature by Fukami and co-workers in the 

pharmaceutical cocrystal between PARA and trimethilglycine [79]. Regarding the 

combination with IBU (Table 3.6, entry 5 and 6), the TMP dissolution rate in the salt-

cocrystal (Figure 3.21 c, green line) was lower than the value of pure TMP dissolution 

rate (dashed black line).  

Then, powders of mixtures were collected after each test and their X-ray 

diffractograms were registered (Figure 3.22).  

Entry Compound TMP Dissolution 

rate (µg min-1) 

1 TMP a) 315 ± 3 

2 TMP – NIC 388 ± 1 

3 TMP b) 314 ± 2 

4 TMP – PARA 327 ± 5 

5 TMP c) 312 ± 3 

6 TMP – IBU 120 ± 5 
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Figure 3.22 X-ray powder diffractograms of: a) TMP-NIC system; b) TMP-

PARA system; c) TMP-IBU system. All spectra were acquired before and after the 

dissolution tests. 

 

X-ray diffractograms prove that no changes of the initial solid forms were 

observed in any of the investigated systems. 

 

3.4 Antibacterial activity 

During our study another aspect that we need to considerate is the ability of the 

TMP contained in these mixtures to inhibit bacterial growth when compared with the 

activity of the pure API. While TMP shows antimicrobial activity against Gram-negative 

and some Gram-positive bacteria [100], it is mainly used in clinic to treat several E. coli 

infections [101]. On the other hand, some of the studied co-formers have already been 

tested against S. aureus, namely IBU and PARA, showing similar antimicrobial activities 
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among them [42] as well as CURC has also well-recognized antibacterial properties 

[102]. Thus, our intent was to evaluate if TMP in association with these co-formers shows 

improved antibacterial activity against both Gram-negative and Gram-positive bacteria. 

Several examples have been reported about how the development of drug-co-former and 

drug-drug co-crystals can increase either potentiate or decrease antibiotics’ antibacterial 

activity [103-105]. For instance, Braga and co-workers developed CIP-based co-crystals 

with thymol and carvacrol with enhanced activity against E. coli [94]. Taking this in 

account, these new multicomponent solid-forms were evaluated against representative 

Gram-negative (E. coli ATCC 8739) and Gram-positive (S. aureus ATCC 29213) 

bacteria, using both agar dilution and broth microdilution assays.  

In a typical agar dilution test, a bacterial suspension with a turbidity of 0.5 in the 

MacFarland scale was prepared in distilled water, which corresponds to 1-2×108 CFU 

mL-1. Then, the Petri dishes containing Mueller-Hinton (MH) agar were inoculated using 

a swab soaked with the bacterial suspension. After this, sterile paper discs were applied 

onto the inoculated MH agar dish, as well as the TMP control disc of 1.25 µL. Solutions 

containing the same mass concentration of co-formers and the new multicomponent solid-

form were pipetted onto the sterile discs. The Petri dishes were placed in an incubator at 

37 °C for 24 h and, after this time, the inhibition zone diameter around each disc was 

measured. This zone represents the area in which bacterial growth was inhibited by each 

compound (Figure 3.23).  

 

Figure 3.23 Representation of inhibition zone diameter in an agar dilution assay. 
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The evaluation of inhibition zone diameter was carried out in triplicate for each 

compound and all the results were presented in Figure 3.24 a and b for the two species 

E. coli and S. aureus, respectively. 

 

Figure 3.24 Bacterial inhibition studies (disc diffusion assay) using 1.25 µg of 

TMP (control), TMP-NIC, TMP-CURC, TMP-PARA and TMP-IBU, in: a) E. coli and 

b) S. aureus.   

 

Regarding the Figure 3.24 a, TMP showed an average value of 28 mm as diameter 

of inhibition for E. coli which is in accordance with the range of values reported by the 

EUCAST [94]. In the cases concerning the new multicomponent systems, considering 

that the coformer did not exhibit antibacterial activity (mm zone of inhibition), the 

diameters of inhibition were similar to those of the pure API, although the amount of 

TMP used in the new formulations was less, namely 70 %, 41.5 %, 37 % and 58 % (w/w) 

for TMP-NIC, TMP-PARA, TMP-CURC and TMP-IBU, respectively. For the S. aureus, 

the TMP of the control disc displayed a value of ~ 18 mm (Figure 3.24 b). Additionally, 

the co-formers did not exhibit antibacterial activity also against this species and TMP in 

combination with NIC and IBU, showed the same activity as the control. Again, we need 

to highlight that, although the inhibition diameter was similar to the pure TMP, the 

amount of TMP used in both of these multicomponent forms was less than the pure TMP. 

On the other hand, when TMP-PARA was tested a slightly decrease in the diameter of 

inhibition value (~ 14 mm) was observed as well as for the TMP-CURC (~ 12 mm). 
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To complement the results obtained through this agar dilution methodology we 

decided to conduct a more quantitative experiment (broth microdilution), to determine 

the exact TMP concentration required to inhibit bacterial growth when pure TMP 

(control) or its multicomponent systems are used. Again, E. coli and S. aureus were 

selected as representative bacteria for evaluating the minimum inhibitory concentration 

(MIC) of TMP while contained in these formulations. 

In a typical assay conducted using ISO-2076-1 guidelines [104], MH broth was 

added to 96 round-bottomed wells microplates. After this, 100 µL of the test (62.5 µg µL-

1 of pure TMP or TMP multicomponent systems) was added to the first microplate wells 

and then serially diluted 2-fold across a full line (12 wells total). Next, 5 µL of a 5×105 

CFU mL-1 inoculum solution were added to each well. Finally, the plate was placed in an 

incubator at 37 °C along 20 h. After this incubation period, the minimum TMP 

concentration or which there is no appreciable bacterial growth is considered the MIC. 

The experimental MIC values for E. coli and S. aureus are reported in Figure 3.25.  

 

 Figure 3.25 Bacterial inhibition studies (MIC assay) of TMP (control), TMP-

NIC, TMP-CURC, TMP-PARA and TMP-IBU, in: a) E. coli and b) S. aureus. MIC 

results were normalized for the TMP mass contained in each formulation. The labels * (p 

< 0.05), ** (p < 0.01) and *** (p < 0.001) represent statistical difference. 

 

The Figure 3.25 a showed a MIC value of ~ 0.98 µg mL-1 for TMP which was 

similar to the range reported in the EUCAST [106]. The mean MIC values of TMP in 

each multicomponent system experimentally determined were ~ 0.91, ~ 0.54,  
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~ 0.75 µg mL-1 for TMP-NIC, TMP-PARA and TMP-IBU, respectively. As Figure 3.25 

a shows, the results obtained for these three systems did not exhibit huge differences 

when compared to the pure TMP MIC, and only the value for the association with PARA 

showed a higher difference. On the other side, a statistically significant decrease in the 

TMP MIC value (~ 0.36 µg mL-1), when in a mixture with CURC at the eutectic 

composition, was experimentally determined. For S. aureus (Figure 3.25 b), the MIC 

value of TMP was ~ 2.54 µg mL-1, which is also in agreement with the EUCAT list [103]. 

The average MIC values of TMP in association with NIC was ~ 2.46 µg mL-1, whereas 

when in combination with IBU was ~ 2.04 µg mL-1. The system TMP-PARA showed the 

most relevant difference when compared to the MIC of pure TMP, with 

 ~ 0.98 µg mL-1. In the case of TMP-CURC, we observed an inverse effect with an 

increase in the TMP MIC value (~ 5.73 µg mL-1) meaning a decrease in the TMP 

antibacterial activity. 

Furthermore, we evaluated the E. coli susceptibility for TMP and CIP individually 

and when combined in the estimated eutectic composition, TMP-CIP; 𝑥TMP = 0.85, as 

well as in an equimolar ratio, due the potentiality of this combination, since CIP may be 

also administered to treat urinary E. coli infections (Figure 3.26 a-d) [107]. 
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Figure 3.26 Bacterial inhibition studies (MIC assay) in E. coli of: a) MIC of TMP, 

while in pure form (TMP) and in an eutectic composition with CIP (TMP-CIP;  

𝑥TMP = 0.85); b) MIC of CIP, while in pure form (CIP) and in eutectic composition with 

TMP (TMP-CIP; 𝑥TMP = 0.85); c) MIC of TMP, while in pure form (TMP) and in an 

equimolar ratio with CIP (TMP-CIP; 𝑥TMP = 0.50); d) MIC of CIP, while in pure form 

(CIP) and in equimolar ratio with TMP (TMP-CIP; 𝑥TMP = 0.50) . The labels * (p < 0.05),  

** (p < 0.01) and *** (p < 0.001) represent statistical difference. 

 

In this case, we firstly evaluated the TMP-CIP system with the estimated eutectic 

composition (𝑥TMP = 0.85) (Figure 3.26 a and b). Regarding E. coli, the MIC of TMP 

decreased from ~0.98 µg mL-1 (pure TMP) to ~0.13 µg mL-1. At the same time, also the 

MIC of CIP was experimentally determined showing a MIC value of ~ 0.039 µg mL-1 

when in the pure form, while in association with TMP (𝑥TMP = 0.85) was  

~ 0.021 µg mL-1.  

Considering the decrease in MIC values experimentally obtained for both 

antibiotics, when in a eutectic composition, as well as the potentiality of this association, 

we also tested another ratio increasing the amount of CIP (TMP-CIP, 𝑥TMP = 0.50) against 
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E. coli. Regarding this composition, the MIC of TMP decreased from ~0.98 µg mL-1 (pure 

TMP) to ~0.026 µg mL-1. This result represents a statistically significant 37-fold 

enhancement of the TMP antibacterial activity [108]. Concerning the CIP antibacterial 

activity, we obtained experimentally a MIC value of ~ 0.039 µg mL-1 while the average 

MIC for this API in association with TMP was ~ 0.024 µg mL-1. Overall, the observed 

decrease in MIC for both antibiotics, clearly highlights the benefits of combining two 

antibiotics with different, but complementary, mechanisms of action. In the case of our 

study this combination had at least an additive effect. The concomitant use of antibiotics 

which target different enzymes, directly or indirectly involved in DNA 

synthesis/replication, can potentially lower the probability of resistance development, 

since it is highly unlikely that bacteria can simultaneously develop mutations that hinder 

the activity of both molecules. This type of strategy is already employed in clinic as a 

way to broaden the antibacterial activity spectrum of anti-infectious therapies, improving 

their chances of success against infections by MDR bacteria [109-111].   

 

3.5 Conclusions 

In this chapter, the strategy to prevent the TMP accumulation in environment is 

described, consisting of the development of TMP-based multicomponent solid forms, 

with potential to enhance TMP aqueous solubility/dissolution rate and/or its antibacterial 

activity. Several co-formers were chosen from the GRAS list due to their properties 

(aqueous solubility, antibacterial activity) and considering the possibility to form reliable 

heterosynthons with the API, therefore with potential, a priori, to give rise to co-crystals. 

For these reasons, CURC, NIC, PIC, URA, LEU, MAN and RIB were tested in 

combination with TMP by LAG, EtOH assisted, at 30 Hz along 60 min. Among all, two 

compounds, equimolarly mixed with TMP, formed two salts, (1:1) TMP-NIC and (1:1) 

TMP-PIC, that were characterized by XRPD, FTIR and DSC. Concerning the mixtures 

of TMP with the other GRAS compounds, all of them having highly flexible molecules, 

and without any free acidic groups, no heteromolecular association was observed, namely 

for TMP-URA, TMP-LEU, TMP-MAN, TMP-RIB and TMP-CURC, as confirmed by 

XRPD, FTIR and DSC. For the TMP-CURC eutectic forming system, the eutectic 

composition was experimentally determined, 𝑥TMP = 0.43, due to the potential interest of 

TMP and CURC association and the pharmaceutical relevance of eutectic mixtures.  
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The co-former screening was also extended to a group of API compounds, to try 

to obtain multi-APIs solid forms, which may be of interest due the possibility to combine 

each API action. So, four APIs were tested namely PARA, IBU, SAL and CIP using the 

same mechanochemistry conditions. The combination of TMP with SAL and IBU 

resulted in the formation of two new equimolar supramolecular forms, two salts: TMP-

SAL and TMP-IBU, characterized by XRPD, FTIR and DSC. Eutectic forming systems 

were identified for TMP-PARA and TMP-CIP, with a eutectic composition  

𝑥TMP = 0.27 and estimated eutectic composition 𝑥TMP = 0.85, respectively. 

The successful heteromolecular association, in most cases, was well in accordance 

with the COSMO-Quick software predictions. 

Among all these new TMP-based multicomponent solid forms TMP-NIC, TMP-

PARA and TMP-IBU were selected to led intrinsic dissolution rate tests, due to the 

coformers’ potentiality to enhance the TMP solubility/dissolution rate as well as to their 

importance in the pharmaceutical industry and in patients’ daily life. After performing 

the dissolution rate tests, according to the USP protocol, TMP dissolution rate was 25% 

and 5% higher than the pure TMP dissolution rate when in combination with NIC and 

PARA, respectively. No changes in the solid forms took place during the experiments.  

The last aspect evaluated was the ability of the TMP contained in selected binary 

systems to inhibit the E. coli (ATCC 8739) and S. aureus (ATCC 29213) growth when 

compared with the activity of the pure API. Systems were selected with co-formers for 

which there are reported references of some antibacterial effect. TMP-NIC and TMP-IBU 

salts were chosen, as well as TMP-PARA, TMP-CURC and TMP-CIP eutectic forming 

systems at the eutectic composition and also at an equimolar proportion for TMP-CIP. 

TMP diameters of inhibition, when in binary systems, were similar to those of the pure 

API in both Gram-positive and Gram-negative bacteria, although the amount of TMP 

used was less, namely 70 %, 41.5 %, 38% and 58 % (w/w) for TMP-NIC, TMP-PARA, 

TMP-CURC and TMP-IBU, respectively. Additionally, MIC of TMP while contained in 

these systems was also determined. In E. coli, the MIC value of pure TMP was ~ 0.98 µg 

mL-1 and only when in a mixture with CURC, a statistically significant decrease was 

observed (TMP MIC ~ 0.36 µg mL-1). For S. aureus, the MIC value of TMP was ~ 2.54 

µg mL-1 and the system TMP-PARA showed the most relevant difference with 

~ 0.98 µg mL-1. Since CIP is also clinically administered to treat urinary E. coli infections, 

we evaluated the E. coli susceptibility for both APIs individually and when in eutectic 
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and equimolar compositions. For the equimolar system, a statistically significant 37-fold 

and 2-fold enhancement of the TMP and CIP antibacterial activity respectively were 

observed, confirming an additive effect. Activity enhancement was also observed, when 

using the estimated eutectic composition. These results undoubtedly emphasise the 

clinical advantages of combining two antibiotics with different, but complementary, 

mechanisms of action. 
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Chapter 4 

Experimental Section 

 

This chapter is divided in several sections, regarding the experimental work 

discussed in previous chapters and divided as follows: 4.1 – General Information; 4.2 - 

Experimental of Chapter 2; 4.3 – Experimental of Chapter 3. 

The identification number used for the compounds in the present chapter is the 

same used for the discussion. 

 

4.1 General information 

4.1.1 Chemicals and solvents 

All chemical materials were purchased from Sigma-Aldrich, Merck or 

FluoroChem. Air and moisture sensitive reagents were handled under nitrogen 

atmosphere, in a vacuum system, using Schlenk techniques. The solvents were purified 

or dried by distillation, when necessary, using the procedures reported by literature [1, 

2]. Kraft lignin was kindly donated by the Université du Québec à Trois-Rivières, 

Canada.  

4.1.2 Instrumentation and methodology 

Thin Layer Chromatography (TLC) 

The reaction controls were performed by thin layer chromatography (TLC) using 

silica plates coated with silica 60 (Fluka), with fluorescence indicator UV254. The eluent 

was chosen depending on the reaction. 

Column Adsorption Chromatography 

When necessary, reaction products were purified by column chromatography, 

using silica gel 60 (Merck) as stationary phase and the eluent was chosen dependently 

by the reaction.  

Ultrasound 
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To facilitate the dissolution of some synthesized compounds and reagents, 

Bandelin Sonorex TK52 was used as ultrasound device. 

Microwave Assisted Reactions  

The reactions assisted by microwave were performed into the CEM Discover® 

SP equipment with a gas addition kit (Discover® Gas Addition), connected to a gas line 

of the Chemistry Department in the University of Coimbra. Microwave glass tubes of 

10 mL were used. 

Nuclear Magnetic Resonance (NMR) 

Proton (1H) and carbon (13C) NMR spectra were recorded on a Bruker Avance 

400 spectrometer (400, 101 MHz, respectively) in the Chemistry Department of the 

University of Coimbra, using CDCl3 (δ = 7.26 ppm) as deuterated solvent (unless 

otherwise stated). Both the signal of the residual deuterated solvent and the 

tetramethylsilane (TMS, δ = 0.00 ppm) were used as internal standard to express the 

chemical shifts. The data obtained are indicated in the following order: Nucleus 

(apparatus, solvent): chemical shift (δ, ppm) [signal multiplicity (s - singlet, d - doublet, 

dd – doublet of doublets, t – triplet, m - multiplet), coupling constant (J, Hertz), relative 

intensity (nH, number of protons), assignment in the structure]. 

Mass spectrometry (MS) 

High-resolution mass spectrometry was carried out on a Bruker Microtof 

apparatus, equipped with selective ESI detector (Unidade de Masas e Proteómica, 

University of Santiago de Compostela, Spain). 

UV-Visible Absorption Spectroscopy (UV-Vis) 

UV-visible absorption spectra were obtained on a Hitachi U-2010 and Shimadzu 

UV-1700 spectrophotometers using 1 cm double-stranded quartz cells with 1 cm optical 

path and using the corresponding solvent as reference. For magnetic nanocomposite 

spectra, material (1 mg) was placed in a solvent DMF, CH3CN/H2O or CHCl3 (5 mL) 

and submitted to ultrasounds for 1 min.  

Solid state UV–Visible absorption Spectroscopy 

Solid-state UV–Vis absorption spectra were performed using a  

Cary 5000 UV-Vis-NIR spectrometer. The spectra were registered by reading diffuse 

reflectance by the Cary 5000 DRA. Background correction was made by using PTFE as 
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reference and the blocked beam to read the baseline with 100% and 0%, respectively. 

To obtain the absorption spectra for the samples, the Kubelkan-Munk function was 

used. 

Transmission Electron Microscopy (TEM) 

TEM analyses were carried out by slow evaporation of samples solutions 

deposited on square copper grids covered with carbon film from agar scientific. The 

analyses were performed on a Tecnai G2 20 S-TWIN from FEI company (Engineer 

Department, University of Coimbra, Portugal), with a LaB6 emitter as electron source 

and operating at an acceleration voltage of 200 kV. The determination of size 

distributions was performed by analysing the images with Fiji [3] and the Gaussian fit 

was done with MatLab software. 

Scanning electron microscope (SEM) 

SEM analyses were carried out on FESEM Zeiss – GEMINI II operating at an 

accelerating voltage of 2 kV, using secondary electrons as detector. The SEM samples 

were covered with a monometric layer of gold by physical vapor deposition. 

Infrared Spectroscopy (IR) 

The infrared spectra were obtained using a ThermoNicolet IR380 (Thermo 

Scientific TM) Fourier transform infrared spectrometer, with a Smart Orbit Diamond 

Attenuated Total Reflection (ATR) system, Ge/KBr beam splitter and deuterated 

triglycine sulfate (DTGS) detector, 32 or 64 scans and a 2 cm−1 spectral resolution.  

Spectra of solids were also acquired at room temperature, using the same 

spectrometer, 64 scans with a resolution of 2 cm-1, using the KBr pellet technique with a 

concentration of 1% (w/w) for each sample.  

Inductively coupled plasma optical emission spectrometry (ICP-OES) 

The amount of metals in complexes were determined using an ICP-OES iCAP™ 

7000 Series spectrometer (Department of Chemistry, University of Aveiro). 

Thermogravimetry (TG) 

Thermogravimetric analyses were made using a TG-DSC Perkin-Elmer 

STA6000 with a heating rate of 10 °C min−1 to a maximum temperature of 900 °C, in a 
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nitrogen atmosphere (20 mL min-1), with alumina pans (Department of Physics, 

University of Coimbra). 

Differential Scanning Calorimetry (DSC) 

Thermograms were obtained using a Perkin Elmer DSC7 power compensation 

calorimeter, with an intracooler at -10 ºC (cooling mixture of ethylene glycol-water 1:1 

V/V) and a 20 mL min-1 nitrogen purge. Aluminium pans suitable for volatile 

substances (Perkin Elmer, 30 or 15 µL) were used and an empty pan as reference. 

Certified reference materials were employed for temperature and enthalpy calibrations, 

following the procedure described elsewhere [4]. Thermograms were recorded with the 

heating rate β = 10 °C min-1. The DSC curves were analysed with Perkin Elmer Pyris 

software, version 3.5. 

High-performance liquid chromatography (HPLC) 

The oxidative reactions were checked and analyzed by HPLC, with a Diode 

Array detector (model G1315D from Agilent), by using a C18 reversed-phase packing 

column (Luna® 5 µm C18(2) 100 Å, 150 x 4.6 mm, RP) for the separation. The DAD 

acquisition wavelengths were set at 220.8 nm, 230.6 nm, 254.6 nm, 255.6 nm, 270.8 nm 

and 310.6 nm. The equipment has an automatic injector module (model G1329A, 1200 

Infinity Series Agilent) and the injected volume was 50.0 µL. Suitable mobile phases 

were prepared according to the individual needs (see discussion in each chapter, for 

details).  

The calibration curves and the samples analysis for the intrinsic dissolution rate 

tests were carried out by the Shimadzu HPLC, with a Photodiode Array detector (model 

SPD-M20A from Shimadzu), by using a C18 reversed-phase packing column 

(Ascentis® 5 µm C18(2) 100 Å, 150 x 4.6 mm, RP) for the separation. The autosampler 

was an automatic injector (model SIL-20A HT, Shimadzu) and the injected volume was 

50 µL. A flow rate of 1.500 mL min-1 and the column oven was set at 30 ºC were used. 

Liquid chromatography–mass spectrometry (LC-MS) 

The identification of degradation products discussed in Chapter 2 was performed 

by using an Ultimate 3000 RSLC UHPLC and LTQ XL Linear Ion Trap 2D Mass 

Spectrometer, with an orthogonal electrospray ion source (ESI) (Department of 

Chemistry, University of Aveiro, Portugal). 
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Photodegradation products discussed in Chapter 2 were detected by using HPLC 

Dionex Ultimate 3000 composed by a binary pump HPG3200, an autosampler WPS300 

and a column oven TCC3000 coupled in-line to a LCQ Fleet ion trap mass spectrometer 

equipped with an ESI ion source (Thermo ScientificTM) operating in positive and 

negative mode, with the following optimized parameters: ion spray voltage, ±4.5 kV; 

capillary voltage, 16/-18 V; tube lens offset, -70/58 V; sheath gas (N2), 40 arbitrary 

units; auxiliary gas (N2), 20 arbitrary units; capillary temperature, 300 ºC. Spectra 

typically correspond to the average of 20–35 scans and were recorded in the range 

between 50-1000 Da (Department of Chemistry, Instituto Superior Técnico, University 

of Lisbon, Portugal). 

Total organic carbon (TOC) analysis 

The total organic carbon (TOC) laboratorial analyses were conducted at Itecons 

- Instituto de Investigação e Desenvolvimento Tecnológico para a Construção, Energia, 

Ambiente e Sustentabilidade. The analysis was performed by ANALYTIK-JENA 

equipment, MULTI N/C 3100 model. TOC, as the sum of organically bound carbon 

present in the sample, was determined following the EN 1484 (1997) [5], based on the 

oxidation of organic carbon into carbon dioxide through thermocatalytic oxidation at 

high temperatures (800 °C), which permits the quantitative digestion of compounds 

with complex and stable carbon structures. 

Ecotoxicity assay 

All organisms were obtained from dormant stages (Vibrio fischeri and 

Brachionus calyciflorus) and standard laboratory cultures (Raphidocelis subcapitata) 

and all tests were conducted at Centro de Ecologia Funcional (CFE/FCT/UC) 

(University of Coimbra). 

 V. fischeri were prepared from the preserved lyophilized bacteria into a 

suspension of organisms, at known concentration, using a purchased reconstitution 

solution and following the protocol Microtox 81.9% basic test protocol for water 

samples (Azur Environmental, Carlsbad, 18 CA, USA).  The toxicity tests on V. fischeri 

were performed by Microtox toxicity analyzer model 500 (Strategic Diagnosis, Newark, 

DE, USA).  

The green freshwater microalga R. subcapitata (strain Nr. WW 

15-2521, obtained from the Carolina Biological Supply Company, Burlington, NC, 
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USA) was obtained from cultures maintained in cotton-stoppered 250 mL sterile glass 

Erlenmeyer flasks filled with 100 mL Woods Hole (MBL) growth medium [6], 

enhanced with vitamins (0.1 mg L-1 B1, 0.5 μg L-1 B12 and 0.5 μg L-1 biotin). These 

cultures were left at 19-21 C under continuous cool-white, fluorescent illumination 

(8000 lx).  Every 4-7 days, during the exponential phase of growth, the cultures were 

renewed. The 72-h growth inhibition test (with the 6 dilutions) was implemented 

following the OECD (2011) and EC (1992) guidelines [7, 8], to estimate algal growth as 

total cell density (cells mL-1) or specific growth rate (1/day).  

The rotifer B. calyciflorus was obtained incubating cysts in reconstituted 

moderately hard water [9] at 24-26 ºC with continuous top illumination (3000-4000 lx) 

for 18 h. After the hatching, organisms were nutrified with artificial food for 2 hours. 

The lethality test (with the 6 dilutions) was performed according to the Rotoxkit F 

standard operational procedure (https://www.microbiotests.com/wp-

content/uploads/2019/07/freshwater-rotifer-toxicity-test_rotoxkit-f 

standardoperatingprocedure.pdf ; conformed to the ISO standard 19827). 

For the data analysis, the effective concentrations inducing 20% (EC20) and 50% 

(EC50) of responses (luminescence inhibition of bacterium or mortality of rotifer) and 

respective 95% confidence limits (CL) were computed using the software PriProbit 1.63 

(http://bru.gmprc.ksu.edu/proj/priprobit/download.asp), with the probit transformation 

of the proportion of responses and the log transformation of the concentrations. 

Regarding the effective concentrations inducing 20% and 50% inhibition in algal 

growth (EbC20 and EbC50 as cell density and ErC20 and ErC50 as specific growth rate) 

and respective 95% CL, organism responses were fitted to a logistic model using the 

least squares method [10]. 

Water Purification (Milli-Q grade) 

The deionized water, used for all HPLC analysis, was obtained using a Water 

Purification Apparatus Milli-Q (Department of Chemistry, University of Coimbra).  

Photochemical reactor 

The photoreactor was acquired from Photochemical Reactors, equipped with a 

400 W medium pressure lamp contained in a double-walled immersion quartz vessel. 

According to the Photochemical Reactors Ltd, the features of Hg lamp are reported 

below: 

https://www.microbiotests.com/wp-content/uploads/2019/07/freshwater-rotifer-toxicity-test_rotoxkit-f%20standardoperatingprocedure.pdf
https://www.microbiotests.com/wp-content/uploads/2019/07/freshwater-rotifer-toxicity-test_rotoxkit-f%20standardoperatingprocedure.pdf
https://www.microbiotests.com/wp-content/uploads/2019/07/freshwater-rotifer-toxicity-test_rotoxkit-f%20standardoperatingprocedure.pdf
http://bru.gmprc.ksu.edu/proj/priprobit/download.asp
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• Nominal Wattage = 400 W 

• Overall Length = 380 mm 

• Discharge Length = 110 mm 

• Diameter = 18 mm 

One vessel is formed by inlet and outlet tubes which provide water cooling, and 

a polytetrafluoroethylene tube extends to the bottom of the well to allow the cooling to 

flow upwards from the bottom. Medium pressure lamp produces significant amounts of 

radiation in the visible region at 405-408, 436, 546 and 577-579 nm and 365-366 nm 

radiation with smaller amounts also in the ultraviolet region at 254, 265, 270, 289, 297, 

302, 313 and 334 nm. 

Centrifuge 

Centrifugations were performed using a Centromix-BLT centrifuge (Department 

of Chemistry, University of Coimbra). 

Powder X-ray Diffraction (XRPD)  

X-ray powder diffractograms were recorded with a Rigaku MiniFlex 600 

diffractometer, Cu Kα radiation (λ = 1.540598 Å), with a D/teX-Ultra high-speed 

detector. Calibration was performed using silicon as an external calibrant. A scan range 

from 3° to 40° 2θ was used. 

Mechanochemistry 

Multicomponent solid-forms screening was performed by mechanochemistry, 

using a MM4100 Retsch ball mill, with 10 mL stainless steel jars and two 7 mm 

diameter stainless balls per jar, with a total sample mass of about 70 mg. Liquid-assisted 

grinding (LAG) was performed using 10 µL dry ethanol, at 30 Hz for 60 min. 

Dissolution rate tester apparatus 

The dissolution rate tests were performed in the SOTAX dissolution rate tester 

(USP 2 model) with 6 glass vessels (1 L). Each vessel was equipped with a probe and a 

die. The die has a cavity into which the amount of sample was placed and after the 

insertion of a punch, the material is compressed with 1 ton of press. The die was 

attached to a steel shaft and then is immersed into 900 mL of a HCl 0.01 M, in a 

horizontal position. A rotating disk speed of 50 rpm was applied and the measurements 

run at 37 °C.  
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In vitro biological assays 

The assays were carried out using bacteria strains from the American Type 

Culture Collection (ATCC) normally used as a control in antibiotic susceptibility tests 

(antibiograms) [11]. Two bacterial species were selected: Escherichia coli ATCC 8739 

and Staphylococcus aureus ATCC 29213. The Minimal Inhibitory Concentration (MIC) 

was determined by broth microdilution and agar dilution tests using Mueller-Hinton 

(MH) broth for overnight incubation and MH agar, respectively. The results were 

compared to the breakpoints of the European Committee on Antimicrobial 

Susceptibility Testing guidelines (EUCAST) [12]. All tests were carried out at the 

UCQFarma, Faculty of Pharmacy, University of Coimbra. 

 

4.1.3 Solvent drying 

N,N-Dimethylformamide: DMF and calcium hydride was placed in a round-

bottom flask equipped with a reflux condenser. The mixture was kept at 80 °C, for 6 

hours. Then, the solvent was distilled under reduced pressure and after that was stored 

in a vessel with activated molecular sieves (3 Å). 

Triethylamine: Triethylamine, sodium flakes and benzophenone were put in a 

round-bottom flask. The mixture was kept under reflux until the strong blue colour was 

observed. After distillation, the solvent was stored, under nitrogen atmosphere, in a 

vessel with activated molecular sieves (3 Å). 

Toluene: Toluene was added into a round-bottom flask with sodium slivers and 

benzophenone. The mixture was left under reflux until the colour turned blue. After the 

distillation, the solvent was collected and stored in a vessel with activated molecular 

sieves (3 Å) and under nitrogen atmosphere. 

 

4.2 Experimental of Chapter 2 

4.2.1 Synthesis of porphyrins 

 Experimental procedures used for the synthesis of porphyrins, and their full 

characterization are described below. The 5,10,15,20-tetraphenylporphyrin (1) and 
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5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin (2) were synthesized using three 

different methodologies, described below: 

i) General Procedure for Nitrobenzene Method [13]: a mixture of glacial acetic acid 

(210 mL) and nitrobenzene (105 mL) was inserted in a 500 mL round bottom glass flask 

and the desired aldehyde (60 mmol) was added. The mixture was warmed under stirring 

to a gentle reflux. When the reflux started, pyrrole (60 mmol; 4.2 mL) was added 

dropwise and the reaction proceeded for 1 hour under stirring, at 140 ºC. After cooling, 

the glacial acetic acid and the nitrobenzene were evaporated under reduced pressure. 

Then, methanol (200 mL) was added and the crude was left in cold, at 5 °C overnight, 

to facilitate the precipitation, after which the solid was filtered; 

ii) General Procedure for NaY/Nitrobenzene Method [6]. A mixture of glacial acetic 

acid (575 mL) and nitrobenzene (325 mL) was inserted in a 1 L round bottom glass 

flask and the desired aldehyde (60 mmol) was added, along with NaY (3 g). The 

mixture was warmed under stirring to gentle reflux. When the reflux started, pyrrole (60 

mmol; 4.2 mL) was added dropwise and then the reaction proceeded for 2 hours under 

stirring, at 145 ºC. After this period, NaY was filtered while hot and washed with 50 mL 

THF. Then MeOH (400 mL) was added, and the mixture was left in the fridge at  

5 °C overnight, to facilitate the precipitation. Finally, the precipitated solid was isolated 

by filtration and dried. The NaY catalyst was collected by filtration and washed with 

chloroform and tetrahydrofuran, followed by drying of the solid overnight, at 150 ºC, 

for future reutilization; 

iii) General Procedure for Microwave Method [7]: Pyrrole (9.8 mmol; 0.68 mL), 

aldehyde (9.8 mmol) and water (0.2 mL) were placed inside a 15 mL microwave vessel. 

For solid aldehydes, the mixture was previously subjected to ultrasounds for  

10-15 min. Subsequently, the reaction mixture was heated under microwave irradiation 

at 200 °C for 10 min with an initial power of 300 W. In the end, the desired porphyrin 

was poured into ethanol (15 mL) to induce porphyrin precipitation. The solid was then 

filtered, washed with ethanol and dried under vacuum. 
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5,10,15,20-tetraphenylporphyrin (1) 

Benzaldehyde (6.37 g, 60 mmol), (1.04 g, 9.8 mmol) was used as aldehyde in 

NaY/nitrobenzene and microwave methods, respectively. The synthetic procedures used 

were the ones mentioned above.  

Yields (%): 

- Nitrobenzene method: 24% (2.22 

g);  

- NaY/Nitrobenzene method: 35% 

(3.22 g);  

- Microwave method: 20% (300 mg). 

1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 

= 8.81 (s, 8H, β-H), 8.22-8.12 (m, 8H, Ar-

H), 7.78-7.66 (m, 12H, Ar-H), -2.82 (s, 2H, 

NH) (data is in good agreement with literature) [14]. 

 

5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin (2) 

2,6-Dichlorobenzaldehyde (10.5 g; 60 mmol), (1.72 g, 9.8 mmol) was used as 

aldehyde and 2 was synthetized following the above mentioned NaY/nitrobenzene and 

microwave methods.  

Yields (%): 

- Nitrobenzene method: 3% (401 mg);  

- NaY/Nitrobenzene method: 8%  

(1.07 g); 

- Microwave method: 5% (109 mg);  

1H-NMR (400 MHz, CDCl3, TMS):  

δ, ppm = 8.69 (s, 8H, β-H), 7.85-7.65 (m, 12H,  

Ar-H), -2.57 (s, 2H, NH) (data is in good 

agreement with literature) [15]. 
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4.2.2 Chlorosulfonation of porphyrins  

General Procedure [16]: The meso-aryl substituted porphyrin and an excess of 

chlorosulfonic acid were mixed in a round bottom flask and stirred for the appropriate 

time and temperature. Then, after cooling at room temperature, chloroform (400 mL) 

was added and the reaction mixture was poured into a 2 L washing beaker. Water was 

added slowly for the first 30 min without stirring and after this time, water flow was 

increased with stirring, to remove the excess of acid by continuous extraction. 

Afterwards, a saturated solution of sodium bicarbonate was added with stirring, to 

obtain a biphasic system. When the system changed the colour from green to red, the 

water phase was removed and the organic phase was dried by anhydrous sodium 

sulphate. Then, the solid was filtered and the solvent was evaporated.  

 

5,10,15,20-tetrakis(4-chlorosulfonylphenyl)porphyrin (3)  

Following the general procedure mentioned above, 5,10,15,20-

tetraphenylporphyrin (200 mg; 0.32 mmol), chlorosulfonic acid (12 mL, 59 mmol) were 

used, with stirring and heating 

at 50 °C for 1 h.  

Yield (%): 74% (239 mg). 

1H-NMR (400 MHz, CDCl3): 

δ, ppm = 8.90 (s, 8H, β-H), 

8.20 (d, J=7.5 Hz, 4H, Ar-H), 

7.50 (d, J=7.5 Hz, 4H, Ar-H), -

2.57 (s, 2H, NH); 

UV-Vis (toluene), λmax/nm (ε 

/M-1 cm-1): 417 (3.8×105), 512 

(1.9×104), 546 (3.6×103), 588 

(6.5×103), 644 (4.4×103) (data 

is in good agreement with literature) [17]. 
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5,10,15,20-tetrakis(2,6-dichloro-3-chlorosulfonylphenyl)porphyrin (4) 

5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin (200 mg, 0.20 mmol) and 

chlorosulfonic acid (12 mL, 59 mmol) were used, with stirring and heating  at 100 °C 

for 1 h.  

Yield (%): 75% (212 mg); 

MS (ESI-TOF), m/z: 1278.6353 

[M+H]+; calculated for 

[C44H19Cl12N4O8S4] 1278.6348; 

1H NMR (400 MHz, CDCl3): δ, 

ppm = 8.67–8.63 (m, 12H, β–H, 

Ar–H), 8.11–8.06 (m, 4H, Ar–H), -

2.51 (s, 2H, NH); 

UV-Vis (toluene), λmax/nm (ε /M-1 

cm-1): 421 (3.2×105), 514 (2.1×104), 544 (2.6×103), 590 (6.7×103), 650 (8.2×102) (data 

is in good agreement with literature) [16]. 

  

4.2.3 Hydrolysis of porphyrins  

General Procedure: The meso-aryl substituted porphyrin was suspended in distilled 

water (100 mL) in a round bottom flask and refluxed for the appropriate time. The 

resulting solution was then concentrated by rotary evaporation and acetone was added to 

precipitate the desired sulfonated porphyrin. The solid was finally dried in the oven at 

100 ºC.  
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5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (5) 

5,10,15,20-tetrakis(4-chlorosulfonylphenyl)porphyrin (100 mg, 0.1 mmol) was 

used and reaction time was 

12 hours.  

Yield (%): 70% (65 mg). 

MS (ESI) m/z: 933 [M-H]- ; 

calculated for 

[C44H29N4O12S4] 933; 

1H NMR (400 MHz, D2O), 

δ, ppm = 8.75 (s, 8H, β-H), 

8.50-8.30 (m, 8H, Ar-H), 

7.32-7.20 (m, 8H, Ar-H), -

2.70 (s, 2H, NH); 

UV-Vis (H2O/PBS), 

λmax/nm (ε /M-1 cm-1): 413 (2.0×105), 518 (5.8×103), 554 (3.1×103), 578 (2.4×103), 634 

(1.1×103) (data is in good agreement with literature) [17, 18]. 

 

5,10,15,20-tetrakis(2,6-dichloro-3-sulfophenyl)porphyrin (6) 

5,10,15,20-tetrakis(2,6-dichloro-3-chlorosulfonylphenyl)porphyrin (100 mg,  

0.074 mmol) was used and reaction 

time was 24 hours.  

Yield (%): 75% (67 mg). 

MS (MALDI) m/z: 1206.76 

[M+H]+; calculated for 

[C44H23Cl8N4O12S4] 1206.77; 

1H NMR (400 MHz, CD3OD), δ, 

ppm = 9.00-8.60 (m, 8H, β-H), 8.50-

8.21 (m, 4H, Ar-H), 8.02-7.85 (m, 

4H, Ar-H), -2.32 (s, 2H, NH).  
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UV-Vis (H2O/PBS), λmax/nm (ε /M-1 cm-1): 416 (1.0×105), 517 (4.5×103), 554 

(8.6×102), 584 (1.8×103), 640 (3.8×102) (data is in good agreement with literature) [19]. 

 

4.2.4 Synthesis of metalloporphyrins 

General Procedure for manganese (III) porphyrins: The sulfonated porphyrin (0.12 

mmol), 5 equivalents of manganese (II) acetate tetrahydrate (150 mg, 0.60 mmol) and 

sodium acetate (49 mg, 0.60 mmol) were dissolved in glacial acetic acid and heated at 

100 °C. The reaction was left under a vigorous stirring until full complexation (checked 

by UV-Vis, 1 h). Then, ethyl acetate was added to the reaction mixture in order to 

precipitate the metallic porphyrin. The compound was filtered and the solid obtained 

was washed with isopropyl alcohol to remove the free base porphyrin and the desired 

solid was then dried in the oven at 80 °C. 

 

Manganese (III) 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin acetate (7) 

Following the above-described acetic acid /acetate salt method, 5,10,15,20-

tetrakis(4-

sulfonatophenyl)porphyrin (112 

mg, 0.12 mmol) was used.  

Yield (%): 89% (130 mg).  

MS (ESI-TOF) m/z: 1047.0201 

[M+H]+; calculated for 

[C46H32MnN4O14S4] 1047.0178; 

UV-Vis (H2O), λmax/nm (ε /M-1 

cm-1): 466 (8.3×104), 564 

(7.2×103), 596 (3.5×103) (data is 

in good agreement with 

literature) [18]. 
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Manganese (III) 5,10,15,20-tetrakis(2,6-dichloro-3-sulfonatophenyl)porphyrin 

acetate (8) 

Following the manganese metalation procedure mentioned above, 5,10,15,20-

tetrakis(2,6-dichloro-3-

sulfonatophenyl)porphyrin (145 mg, 

0.12 mmol) was used.  

Yield (%): 88% (140 mg). 

MS (ESI-TOF) m/z: 1258.6836 [M-

OAc]+; calculated for 

[C44H20Cl8MnN4O12S4] 1258.6849; 

UV-Vis (H2O), λmax/nm (ε /M-1 cm-

1): 463 (6.7×104), 516 (6.2×103), 562 

(1.6×103) (data is in good agreement 

with literature) [18]. 

 

Cobalt (III) 5,10,15,20-tetrakis(2,6-dichloro-3-sulfonatophenyl)porphyrin acetate 

(9) 

The DMF/ metallic salts method was followed and 5,10,15,20-tetrakis(2,6-

dichloro-3-sulfonatophenyl)porphyrin (150 mg, 0.12 mmol) and 6 equivalents of 

cobalt(II) acetate tetrahydrate  

(180 mg; 0.7 mmol) were mixed in 

DMF (10 mL) and the reaction was 

left for 1 h, at 160 °C with stirring. 

The amount of DMF was reduced by 

rotary evaporation and the 

compound was precipitated by 

adding diethyl ether and leaving the 

crude on the fridge overnight. 

Isopropyl alcohol was added to wash 

the precipitate and remove the 

metal-free porphyrin, so the desired porphyrin was obtained.  
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Yield (%): 80% (127 mg). 

MS (ESI-TOF) m/z: 1262.6812 [M-OAc]+; calculated for [C44H20Cl8CoN4O12S4] 

1262.6801; 

UV-Vis (H2O), λmax/nm (ε /M-1 cm-1): 419 (5.3×104), 535 (3.4×103), 560 (6.4×102) 

(data is in good agreement with literature) [20]. 

 

4.2.5 Synthesis, coating and functionalization of magnetic nanoparticles 

(MNPs)  

The preparation of MNPs (10) was performed according with Rossi’s  

co-precipitation method [21]. A 1 M aqueous solution of iron chloride (III) (10 mL) and  

2 M hydrochloric acid of iron chloride (II) (2.5 mL) mixture was added to a 1 M 

aqueous solution of NH4OH (250 mL), under mechanical stirring  

(10000 rpm). After 30 minutes, the material was magnetically separated 

and washed 3 times with 250 mL of distilled water. The MNPs were 

dispersed into 250 mL of distilled water and, under mechanical stirring. 

A solution of oleic acid (2 mL, 7×10-3 mol) diluted in 5 mL of acetone 

was added dropwise. After more 30 minutes, the precipitate was magnetically separated 

and dispersed in cyclohexane (15 mL) and centrifugated for 30 min (2000 rpm). After 

solvent evaporation, the stock solution contained 72 mg of MNPs/mL of cyclohexane. 

The characterization was performed by TEM (using ImageToll software version 3.0): 

-TEM: ~ 5.5 nm 

The silica coating was obtained by reverse microemulsion [22]. In a 5 L round 

bottom flask was consecutively added cyclohexane (2.8 L) and Igepal CO-520 ®  

(178.4 g), MNPs (800 mg, 11.11 mL of stock solution in 

cyclohexane) and NH4OH 29 % (38 mL). Then, 

tetraethyl orthosilicate (TEOS) (30.8 mL) was added 

dropwise and the mixture was left under slow stirring 

(300 rpm) for 16 h. The magnetic material was extracted 

by methanol (250 mL), centrifugated (7000 rpm, 30 min) 

and washed three times with ethanol. Subsequently, the 

solid compound was dried at room temperature for 24 h 
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and calcinated in the oven at 500 °C for 2 h. An amount of 5.41 g of silica coated 

magnetic nanoparticles 11 were obtained. The characterization of MNPs@SiO2 was 

performed by TEM images and IR spectroscopy: 

- TEM: ~ 44.5 nm 

- FT-IR: 3740 cm-1 (stretching Si-OH) 

After the coating, 11 (1 g) and (3-aminopropyl) triethoxysilane (APTES, 0.5 

mL, 2.1 mmol) were added in 50 mL dry toluene 

and left stirring under reflux for 2 h. Then, the 

amine-functionalized material 12, 

MNP@SiO2‒NH2 was washed three times with 

toluene, separated by centrifugation and dried in 

the oven (100 °C) for 20 h. The characterization 

was performed by FT-IR and TG-DSC: 

- FT-IR: 3371-3309 cm-1 (stretching of N-H), 1597 cm-1 (bending N-H),  

2931-2865 cm-1 (stretching C-H), 1450 cm-1 (bending of C-H) and 1410 cm-1 (bending 

of Si-CH2). 

- TG-DSC (20 °C - 800 °C): 20 °C - 100 °C (endothermic peak - adsorbed water),  

200 °C - 600 °C (propylamine groups). 

 

4.2.6 Synthesis of MnTDCPPS-NH@MNPs 

Compound 14 was prepared by two consecutive steps:  

a) metalation of 4 following the method of DMF/metallic salt;  

b) immobilization of MnTDCPPSO2Cl (13) in 14.  

5,10,15,20-tetrakis(2,6-dichloro-3-chlorosulfonylphenyl)porphyrin (4) (240 mg; 

0.19 mmol) and 7 equivalents of manganese (II) acetate tetrahydrate (637 mg; 1.3 

mmol) was placed in a round bottom flask. Dry DMF (10 mL) was added, and the 

reaction was stirred for 4 h at 140 ºC. The DMF was removed by rotary evaporation and 

MnTDCPPSO2Cl (13) was precipitated by adding diethyl ether after leaving on the 

fridge overnight. The precipitate was washed with isopropyl alcohol to remove the 
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metal-free porphyrin 4, so the desired MnTDCPPSO2Cl (13) was obtained. Mn (II) 

metalation was checked by UV-Vis: 

-UV-Vis: 465 nm 

(Soret band). 

Subsequently, in a 

round bottom flask, a solution 

of MnTDCPPSO2Cl (13)  

(307 mg, 0.22 mmol) and 

cesium carbonate (310 mg, 

0.95 mmol) in 50 mL of dry  

1,2-dimethoxyethane was 

placed. Then, 1 g of 12 was 

added and the mixture was left 

under stirring at 85 °C for 24 h. Afterwards, the material was collected with an external 

magnet and consecutively washed with acetonitrile (2×), ethyl acetate (2×) and 

dichloromethane (2×). Finally, magnetic compound 14, was dried under vacuum. 

The compound 14 was characterized by UV-Vis, TG-DSC and ICP:  

- UV-Vis: 464 nm (Soret band); 

- ICP: 0.095% of Mn; 

-TG-DSC (25 ºC - 800 ºC): 50 ºC - 200 ºC (absorbed water), 200 ºC - 800 ºC 

(organic decomposition); 

- Immobilization yield: 2% (0.018 mmol of porphyrin 13 per gram of 

functionalized silica).  

 

 4.2.7 Synthesis of hybrid catalyst MnTDCPPS@SiO2  

3-Aminopropyl functionalized silica (1 mmol of NH2 per gram)  

(230 mg, 0.23 mmol NH2) was placed in a 100 mL round bottom flask. Dry DMF  

(20 mL) and dry triethylamine (5 mL) were added. Then, porphyrin 4 (281 mg,  

0.22 mmol), dissolved in 5 mL of dry DMF, was added dropwise with stirring, over  

10 min. The reaction was further stirred for 24 h, at room temperature. At this point, 

manganese (II) acetate tetrahydrate (290 mg, 1.2 mmol) and sodium acetate (65 mg, 
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0.79 mmol) were consecutively added and the mixture was brought to  

120 °C and left for another 24 h. After cooling, the reaction was centrifuged.  

Compound 16 was collected and 

suspended in 15 mL distilled water. After 

stirring for 10 min, it was again centrifuged, 

and the solvent removed by decantation.  

- UV-Vis: 466 nm for the Soret band; 

- FT-IR: 3500 and 3350 cm-1 (stretching  

Si-OH), 1635 cm-1 (bending N-H),  

2932 cm-1 (stretching C-H), 1082 cm-1 

(bending of C-H), 804 cm-1 (bending  

Si-CH2); 

- Immobilization yield: 37%  

(3.7 × 10-4 mol of porphyrin 4 per gram of 

functionalized silica);  

- ICP-OES: 3.7 %; 

- TG-DSC (25 °C - 900 °C): 25 °C - 100 °C (endothermic peak - adsorbed water),  

200 °C - 450 °C (organic moiety), 500 °C - 900 °C (aminopropylsylil groups). 

 

4.2.8 Trimethoprim homogeneous degradation  

In a typical experiment, a stock solution was prepared for each porphyrin  

(5.0×10-9 mol). In a 50 mL round bottom flask, trimethoprim (TMP)  

(1.3 mg, 4.5×10-6 mol) and a volume of porphyrin’s stock solution (0.27 mL for 7,  

0.33 mL for 8, 0.31 mL for 9) were added. Then, a volume of distilled water was also 

added to achieve a final volume of 20 mL. The mixture was then stirred at room 

temperature. The UV-Vis spectrum of the initial mixture was registered before starting 

the reaction. The reaction started by adding the first aliquot of 30 µL hydrogen peroxide 

(30% w/v) and consecutive additions were made each 15 minutes, until a final volume 

of 300 µL (150 min) was achieved. Before each addition of peroxide, a sample was 

taken to analyze by HPLC.  
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4.2.9 Trimethoprim heterogeneous degradation  

In a typical experiment (e.g. TMP: Cat = 500:1), TMP (13 mg, 4.5 × 10-5 mol) 

and the hybrid catalyst 16 (0.14 mg, 9.0 × 10-8 mol) were dissolved in 100 mL water in 

a  

25 mL round bottom flask, with stirring. The UV-Vis spectrum of the mixture was 

recorded before starting the degradation reaction. The reaction started by adding the 

first 30 µL of hydrogen peroxide (30% w/v) and consecutive 30 µL additions of oxidant 

agent were then carried out every 15 minutes, until a final volume added of 300 µL. 

Aliquots were taken before each addition to analyze by HPLC. Reaction times and 

substrate/catalyst proportions were changed accordingly. 

 

4.2.10 Catalyst reutilization studies  

Catalyst reutilization studies were performed using the optimized experimental 

conditions described above (TMP:Cat = 500; H2O2 = 2.6 mmol). After each catalytic 

cycle, the catalyst 16 was separated from the reaction medium by centrifugation and 

washed consecutively with distilled water, ethanol and acetonitrile, with centrifugation 

after each washing. After this process, the catalyst was dried for 16 h in the oven at  

60 ºC. The solvents collected through decantation were combined and a UV-Vis spectra 

was recorded. Catalyst 16 was reutilized for five consecutive cycles.  

 

4.2.11 Ecotoxicity assay 

The ecotoxicity studies were performed thanks to our collaboration with the 

Centre for Functional Ecology, Department of Life Sciences at University of Coimbra. 

Software PriProbit 1.63 was used to analyze the data and to calculate the EC20 and EC50 

[10]. 

 The intrinsic toxicity of a saturated TMP solution (494.4 mg L-1 in distilled 

water) and the resulting degradation products solution were tested toward three selected 

species: the bacteria V. fischeri, the microalgae R. subcapitata and the rotifer B. 

calyciflorus. Firstly, the TMP solution was diluted in a standard artificial moderately 

hard freshwater (pH = 7.25, conductivity = 325 µS/cm; ASTM 2002) [9] until 

concentrations of 225 mg L-1 for the bacteria and the rotifer and 285 mg L-1 for the 
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microalgae. Starting from these concentrations, six diluted solutions, with a diluted 

factor of 2 for bacteria and 1.75 for the other two species, were prepared.  

A suspension of V. fischeri was obtained lyophilizing the preserved bacteria 

using a purchased reconstitution solution and the test protocol (Azur Environmental, 

Carlsbad, CA, USA). The TMP solution was diluted six times with a gradient of 5.76, 

11.52, 22.95, 46.08, 92.14, 184.3 mg L-1 and the degradation products solution was 

diluted nine times with a gradient of 0.320%, 0.639%, 1.28%, 2.56%, 5.12%, 10.24%, 

20.48%, 40.95% and 81.90%. Then, the values of EC50 were calculated after 5 minutes 

of exposure according to the Microtox 81.9% basic test protocol for water samples and 

using the toxicity analyzer model 500 (Strategic Diagnosis, Newark, DE, USA). 

The freshwater microalga P. subcapitata (Koršhikov; formerly Selenastrum 

capricornutum Printz; strain Nr. WW 15-2521; Carolina Biological Supply Company, 

Burlington, NC, USA) was preserved in 100 mL nonaxenic batch cultures using Woods 

Hole MBL growth medium, with a temperature between 19-21 °C under continuous 

cool-white fluorescent illumination with an intensity of 100 μE m-2 s-1. Six TMP diluted 

solutions were prepared 285.00, 162.86, 93.06, 53.18, 30.39 and 17.36 mg L-1, whereas 

the degradation products solution was diluted with a gradient of 6.09%, 10.66%, 

18.66%, 32.65%, 57.14% and 100%. A volume of 900 μL of replicate cultures was 

prepared and inoculated with 100 μL of algal inoculum, whereas the same quantity of 

nutrients was added into TMP solution and degradation products. The 72 h growth 

inhibition test was carried out following the OECD (2001)  

(https://www.oecd.org/chemicalsafety/testing/34241659.pdf) and EC (1992) guidelines 

[8, 10]. After 72 h of exposure, the mean specific growth rate per day, ErC (1/d), was 

calculated and final cell densities, EbC (cells mL-1), were measured [23] by a 

microscope (× 400 magnification) using a Neubauer chamber (American Optical, 

Buffalo, NY, USA) [24].  

B. calyciflorus organisms were hatched from cysts, exposed to six 0.3 mL test 

solutions and incubated in darkness with a controlled temperature of 24 - 26 °C for 48 h. 

After 48 h, rotifers lethality alive or dead were counted. The test was performed 

following the Rotoxkit F standard operational procedure (www.microbiotests.com/wp-

content/uploads/2019/07/freshwater-rotifer-toxicity-test_rotoxkit-f_standard-operating-

procedure.pdf; conformed to the ISO standard 19827).  

https://www.oecd.org/chemicalsafety/testing/34241659.pdf
http://www.microbiotests.com/wp-content/uploads/2019/07/freshwater-rotifer-toxicity-test_rotoxkit-f_standard-operating-procedure.pdf
http://www.microbiotests.com/wp-content/uploads/2019/07/freshwater-rotifer-toxicity-test_rotoxkit-f_standard-operating-procedure.pdf
http://www.microbiotests.com/wp-content/uploads/2019/07/freshwater-rotifer-toxicity-test_rotoxkit-f_standard-operating-procedure.pdf
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4.2.12 Synthesis of zinc (II) 5,10,15,20-tetrakis(2,6-dichloro-3-

sulfonatophenyl)porphyrin  

The CHCl3/CH3OH metallic salts method was followed. 5,10,15,20-tetra(2,6-

dichloro-3-sulfonatophenyl)porphyrin (594 mg, 0.49 mmol) was dissolved in 75 mL of 

chloroform and then, a solution of 10 equivalents of zinc(II) acetate dihydrate  

(1.0 g; 4.9 mmol) in 40 mL of methanol was added. The reaction was left for 3 h, at  

60 °C with stirring. The desired 

metalloporphyrin was purified by silica 

gel chromatographic column using 

dichloromethane as eluent. 

Yield (%): 90% (562 mg).  

1H NMR (400 MHz, CD3OD), δ, ppm 

= 9.0-8.68 (m, 8H, β-H), 8.53-8.52 (d, 

J=8.4 Hz, 4H, Ar-H), 8.03-8.01 (d, 

J=8.4 Hz, 4H, Ar-H). 

UV-Vis (H2O/PBS), λmax/nm  

(ε /M-1 cm-1): 420 (1.4×105), 550 (5.6×103), 589 (1.2×103) (data is in good agreement 

with literature) [19]. 

 

4.2.13 Synthesis of acetylated lignin (AcL) 

The synthesis of acetylated lignin was performed following the Marchand’ 

method [25]. The Kraft lignin (100 mg) was 

dissolved in 2 mL of pyridine-acetic anhydride 

(1/1, v/v) and the reaction was stirred for 24 h at 

room temperature, under argon atmosphere. After 

that, ethanol (25 mL) was added and the mixture 

was stirred for further 30 minutes, after which the 

solvents were removed by evaporation. This 

process was further repeated 8 times, in order to 

fully remove the pyridine and acetic anhydride. 

The material was additional purified by co-
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precipitation with chloroform (2 mL) and diethyl ether (100 mL), added dropwise, 

under stirring. The precipitated compound was separated by centrifugation and washed 

with diethyl ether. Finally, the compound was dried under vacuum with KOH and P2O5. 

 

4.2.14 Encapsulation of porphyrins inside acetylated lignin nanoparticles 

(Por@AcL) 

The encapsulation of porphyrins (Por) inside acetylated lignin nanoparticles was 

carried out following previous reports [26].  

General procedure for the preparation of Por@AcL. A solution of Por  

(2 mg) was prepared in acetone (10 mL), under stirring. Subsequently, AcL (20 mg) 

was added and stirred until complete dissolution. Meanwhile, a dialysis membrane was 

hydrated in distilled water for around 20 minutes. The solution was carefully introduced 

into a dialysis bag by a 10 mL syringe and then immersed in excess of deionized water, 

which was periodically replaced. After 24 hours, the nanoparticles were recovered by 

centrifugation (10.000 × g) for 1 h, at room temperature. The precipitate was separated 

from the liquid and re-suspended in distilled water, for further centrifugation. Then, the 

supernatant was collected and finally re-suspended in 5 mL of distilled water.  

 Quantification of porphyrin inside AcL 

The quantification of porphyrin inside nanoparticles was obtained by UV-Vis 

spectroscopy [27]. 

General procedure. In triplicate, 950 µL of acetone were placed in a glass tube 

(Solution A), and 50 µL of Por@AcL nanoparticles were added. In a second glass tube 

(Solution B) 4.745 mL of solvent were placed and 250 µL of Solution A were added, to 

obtain a dilution of 400 times. Acetone was used as control to register the UV-Vis 

spectra. The wavelength was calibrated between 800 and 350 nm and the individual 

amount of porphyrin encapsulated on nanoparticles suspension was calculated following 

the formula: 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(µ𝑀) =  (
𝐴𝑏𝑠𝑆𝑜𝑟𝑒𝑡

𝜀
) × 106 × 𝑑𝑖𝑙. 𝐹𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝐴 × 𝑑𝑖𝑙. 𝐹𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝐵 
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Where Abs corresponds to the absorbance of the Soret band, 𝜀 corresponds to the 

absorption coefficient of the porphyrin under analysis and dil.F corresponds to the 

dilution factor of each solution. 

Preparation of TDCPP@AcL (18) 

 TDCPP, 2, (2 mg) was used as porphyrin and 

AcL (20 mg) were completely dissolved in acetone 

(10 mL) under stirring. The concentration of 2 inside 

the nanoparticles was 504.5 μM. 

 

 

 

 

 

4.2.15 Trimethoprim photodegradation under homogeneous conditions  

General procedure. In a typical experiment, 1 L of 10-4 M TMP stock solution 

was prepared (30 mg, 1.0 × 10-4 mol). In the photoreactor vessel, 100 mL of TMP stock 

solution was placed (1.0 × 10-5 mol) and 1.2 mL of stock solution of sulfonated 

porphyrin (1.6 × 10-5 M, 7.9 × 10-7 mol) was also added to obtain a ratio between 

substrate and catalyst of 500:1. The reaction was left in dark under stirring for 30 min 

(pre-incubation time) and an UV-Vis spectrum was recorded. Then, the mercury lamp 

was switched on and the reaction was carried for 24 hours. During this time, samples 

were collected each 30 min, to check reaction evolution by HPLC. All reactions 

(including controls) were performed in triplicate. 

The experiment was performed using two sulfonated porphyrins: TDCPPS (6), 

ZnTDCPPS (17).  

 

4.2.16 Antibiotics photodegradation using TDCPP@AcL 

General procedure. In a typical experiment, 1 L of 10-4 M antibiotic stock 

solution was prepared (1.0 × 10-4 mol). Then, 100 mL of this stock solution  

(1.0 × 10-5 mol) and a volume of stock solution of TDCPP@AcL (48.60 µL,  
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4 × 10-9 mol) were placed in the photoreactor vessel to obtain a ratio between substrate 

and catalyst of 500:1. The reaction was stirred in the dark for 30 min (pre-incubation 

time). Then the mercury lamp was switched on and the reaction was carried for 24 h. 

During this time, samples were collected each 30 min to check the reaction evolution by 

HPLC.  

All reactions (including controls) were performed in triplicate. 

For the antibiotics photodegradation reactions, each 10-4 M stock solution was 

prepared using: 

- TMP: 30 mg, 1.0 × 10-4 mol. 

- SMX: 25 mg, 1.0 × 10-4 mol. 

- TMP/SMX mixture: 4.5 mg of TMP and 21.6 mg of SMX, 1.0 × 10-4 mol. 

 

4.2.17 TDCPP@AcL reutilization studies 

General procedure. After each photocatalytic reaction, reutilization studies 

were performed using 24 h reaction times. After each cycle, an amount of 1.0 × 10-5 mol 

of antibiotic was added to the photoreactor vessel. After a pre-incubation time of  

30 min, the irradiation was re-started, and the reaction was carried out for more  

24 hours. Reactions were checked by HPLC every 30 minutes and by UV-Vis after each 

cycle. 

Particularly: 

- TMP catalytic reutilization studies: in each reaction 2.9 mg of TMP  

(1.0 × 10-5 mol) were added and 10 cycles were performed; 

- SMX catalytic reutilization studies: in each reaction 2.5 mg of SMX  

(1.0 × 10-5 mol) were added and 10 cycles were performed. 

 

4.3 Experimental of Chapter 3 

In this section, the methodologies and full characterization of compounds used 

in Chapter 3 are presented.  
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4.3.1 Development of new multicomponent solid-forms 

The new solid-state forms were experimentally prepared by mechanochemistry, 

by liquid-assisted grinding (LAG), using 10 µL of dry ethanol. TMP was chosen as 

active pharmaceutical ingredient (API), whereas co-formers among Generally Regarded 

As Safe substances (GRAS) were selected as well as other APIs. The mixtures were 

constituted by TMP and selected co-formers in different proportions.  

In a typical LAG experiment, TMP and co-former were mixed in a proportion of 

1:1. The two compounds were placed into grinding jars of stainless steel equipped with 

two balls (7 mm of diameter) of the same material. Typically, a total mass of  

~ 70-80 mg was used and 10 µL of dry ethanol was also added. The mixer mill was set 

to a frequency of 30 Hz and the grinding times varied between 30 and 60 min.  

The grinding outcomes were characterized by FTIR, DSC and XPRD. The same 

experimental grinding procedure was applied to TMP and each of the co-formers. The 

pure components were characterized by the same experimental techniques before and 

after the grinding process.  

 

4.3.2 Intrinsic dissolution rate tests 

Dissolution rate tests were performed in collaboration with the Faculty of 

Pharmacy at University of Coimbra in the Pharmaceutical Quality Control Unit, 

UCQFarma. 

 The analysis was carried out for commercial TMP and the three selected solid-

state forms with nicotic acid (TMP-NIC), paracetamol (TMP-PARA), and ibuprofen 

(TMP-IBU).  

General procedure. In a typical experiment, 900 mL of a HCl 0.1 M solution 

were placed into each glass dissolution rate vessel and pre-heated to 37 °C. Then, the 

die was attached to a surface plate through the three threaded holes located on the base 

of die, providing the base for the pellet. After that, ~ 50 mg of each powder were 

measured and located in the die cavity between two metal rods to facilitate its removal. 

A steel punch was inserted in this cavity and the desired compound was compressed 

with a hydraulic press applying 1 ton for 30 s. So, tablets of 8 mm of diameter were 

prepared for each pure compound and for the multicomponent systems. After the tablet 
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preparation, each die was assembled with a steel shaft, so the pellet surface is exposed 

horizontally no less than 1 cm from the bottom of the glass dissolution vessel. Once the 

samples have been placed into the HCl solution the test was performed at 37 °C, with  

50 rpm and for a total time of 45 min, accordingly to the USP TMP tablets Monograph 

reported in literature [28]. A sample from each dissolution vessel was taken off each  

5 min and checked by HPLC. The HPLC method was adjusted for each of the three 

solid forms tested and the wavelength of maximum absorbance at  

270 nm. A TMP calibration curve was used to determine the amount of TMP dissolved, 

and calibration curves were also prepared for the co-formers. The results were depicted 

in a graphic showing the TMP concentration as function of time. 

 

4.3.3 Trimethoprim MIC determination 

The MIC determination of TMP was performed for E. coli ATCC 8739 and  

S. aureus ATCC 29213 strains with two tests: the broth microdilution and the agar 

dilution. In both cases, the two bacteria were cultured overnight in MH agar at 37 °C 

along 16-24 hours. The inoculum preparation was carried out diluting isolated colonies 

into distilled water to adjust the cell density achieving a turbidity of 0.5 optical density 

on the McFarland standard scale. This value was checked by a densitometer (Biosan 

DEN-1B) and corresponds to a ~ 1-2 × 108 colony-forming units (CFU) mL-1 for each 

bacterium. Aqueous stock solutions of 10 mg of APIs and co-formers were prepared 

with 10% DMSO and distilled water, whereas the CIP stock solution was prepared 

using 10 mg of CIP dissolved in HCl (final pH of ~5). 

General procedure for broth microdilution test. 100 µL of MH broth were 

added in each well of a sterile microplate with 96 round-bottomed wells using a 

multichannel pipette. Then, a 1 mg mL-1 antibiotic solution was prepared and 100 µL 

were added to the first well of each line. A serial 2-fold dilution was performed across 

each line by pipetting 100 µL of the antibiotic in culture medium solution and diluting 

in the 100 µL of culture medium in the next well. The prepared inoculum suspension 

was diluted with a factor of 1:20 with distilled water and then 10 µL of this diluted 

bacteria suspension were added into all wells, for a final inoculum density of  

~ 5 × 105 CFU mL-1. Control experiments using only the formulations (10% - 20% 

DMSO or 10-5 M HCl) were carried out to ensure that these did not contribute to 
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bacterial growth inhibition. Finally, the 96-well plate was placed into the incubator at  

37 ºC overnight (16-20 h). After the incubation time, bacterial growth was determined 

in each well, through the visual detection of a white pellet or turbidity. The MIC values 

were determined based on the minimum antibiotic concentration required to inhibit 

bacterial growth. In the specific case of TMP, according to guidelines [29], the MIC is 

considered the minimum antibiotic concentration required to inhibit 80% of visible 

bacterial growth.  The experiments were performed in triplicate and results were 

depicted in a graph.  

General procedure for agar dilution test [30]. A sterile cotton swab was 

soaked in a freshly prepared bacterial inoculum in distilled water. Then, a 100 mm MH 

agar Petri plate was inoculated by streaking the swab over the agar surface four times, 

rotating the plate ~ 60° each time to obtain a complete and homogeneous inoculum 

distribution. Then, disks (a TMP control standard and sterile paper disks to put our new 

solid forms) were evenly placed on the inoculated agar surface, for a maximum of 4 

disks per Petri plate. After adding the same mass amount of our solid form samples on 

the sterile disks as used in the TMP disc control (1.25 µg, which corresponds to 1.25 µL 

of each stock solution) the plates were inverted and placed in an incubator at 37 °C and 

left overnight (16-20 h). After the incubation time, the resulting inhibition zones were 

uniformly circular, and their diameters were measured with a ruler. The experiments 

were performed in triplicate.  
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