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Abstract 

The growing demand for clean water clashes with inadequate water availability. 

Human activities strongly affect the quality of water bodies, inducing their progressive 

chemical pollution. The sustainable management of water has become a crucial aspect to 

ensure both the quantity and the quality of water resources needed to support the 

demand. The limitations of conventional wastewater treatments in addressing the 

complete removal of contaminants from the effluents require the implementation of 

legislative measures to reduce the use of certain substances, together with a technological 

improvement of the treatment plants in order to ensure the quality of water. The 

improvement of conventional treatments is achieved through the optimization of existing 

processes or their combination with new advanced treatment technologies. Recently, 

great efforts have been made towards the development of highly effective, robust and 

cost-effective composite materials to reduce the entering of aqueous contaminants in 

water bodies. The progress in nanotechnology offers promising solutions to address the 

water management challenges, thanks to the use of new advanced engineered 

nanomaterials in wastewater treatment. 

This thesis investigates the use of different techniques for the preparation of 

porous composite materials aimed at the removal of organic substances from water by 

means of adsorption processes or photocatalytic degradation. The micro- or nanosized 

active component is incorporated in a polymer-based matrix which ensures the formation 

of a solid composite that can be easily handled without requiring further expensive and 

time-consuming processes for its recovering from the treated water. The first proposed 

composite material is based on the valorization of agricultural waste for the preparation 

of a highly porous adsorbent through its combination with a biopolymer. Although their 

abundance and particular chemical composition make them promising low-cost 

adsorbents, the difficulties caused by their recovery after the water treatment may limit 

their manageability and applicability. The incorporation of an agro-waste powder in a 

solid porous system can overcome this limitation, without significantly compromising its 

adsorption capacity. Furthermore, using agro-waste as a low-cost active filler reduces the 
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costs associated with water treatments and the volume of waste derived from food 

processing. 

The following porous composite materials include a photoactive nanomaterial 

inside the polymer-based matrix, for which the removal of organic compounds occurs by 

the heterogeneous photocatalytic process. This destructive process is indicated for the 

abatement of recalcitrant organic pollutants, since it may induce their complete 

mineralization. The incorporation of the active filler is investigated by using two different 

approaches, specifically (i) an innovative in-situ fabrication procedure to form the 

nanomaterials directly inside the polymeric matrix, and (ii) the combination of the pre-

synthetized nanomaterials to the polymer-based solution to obtain the porous composite. 

Different strategies to improve the photocatalytic performance of the porous composite 

materials are presented, studying the effect of the formation of heterostructures between 

the in-situ grown metal oxide and the noble metals on the photocatalytic degradation of 

organic contaminants. The proposed in-situ fabrication procedure ensures the formation 

of a metal oxide-based composite, characterized by a high surface area, flexibility and light 

weight for heterogeneous photocatalytic applications in water treatment, without the 

need of post-treatment steps for the removal of the photocatalysts from the treated water 

which may restrict their wide applicability as well as causing secondary pollution. The 

preliminary results of the incorporation of pre-formed metal oxide nanomaterials in a 

porous polymeric matrix are then presented, discussing possible future research. 
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Chapter 1. 

Introduction 

1.1. Global water demand 

Global water consumption has become six times higher than one-hundred years 

ago and continues to increase regularly at a rate of about 1% per year[1]. The continuous 

rise of water usage is related to the combination of different aspects, such as population 

growth, which is estimated to rise by a factor of 1.3 in the next thirty years, and economic 

development[2]. Although, currently, the agricultural water demand prevails, the 

industrial and domestic needs for water are going to increase much faster than the 

agricultural one in the next decades[1,2]. However, the prediction of how the demand of 

water in each sector will change at global scale is difficult due to the interconnection of 

social, economic and, more important, environmental aspects. 

Almost all of the accessible water on Earth is saline, while, to date, only 3.5% is freshwater. 

The availability of freshwater is diminishing, as climate change, population growth, 

urbanization and water scarcity have all been contributing factors to the limitation of the 

resources in the last two centuries[3]. Nonetheless, the increase of global water demand, 

and the ratio between demand and availability will constantly become higher. 

About 80% of European freshwater, used for drinking and other practices, derives from 

rivers and groundwater, which are extremely exposed to water pollution. Europe 

possesses abundant freshwater resources compared to other parts of the world; however, 

despite this, water demand exceeds the available supply in one third of the European 

territory. This aspect is mostly influenced by climatic change and chemical pollution. 

Actually, the rapid industrialization and population growth are stressing the water 

supply and its quality, due to improper water management. Water stress can cause the 
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deterioration of freshwater resources in terms of available quantity and quality, causing 

health problems and negative effects on living organisms and ecosystems. 

In Europe, the quality of water is mainly affected by the activities in the agricultural and 

industrial sectors. In the agricultural sector, the intensive use of inorganic fertilizers and 

active compounds in crops, and of antibiotics in the livestock, has resulted in the diffused 

water pollution from nitrates and other components of pesticides, as well as from 

antibiotics. Concerning the industrial effluents, they may contain adverse pollutants, such 

as heavy metal ions, dyes, oily substances etc. which can enter water supplies due to 

inadequate wastewater treatment[4]. Therefore, an effective water protection plan is 

required to preserve the quality and availability of water and to guarantee safe and readily 

available drinking water. 

1.2. Chemical pollution in European freshwater resources 

The chemical pollution of the water bodies is one of the major concerns for 

European Union (EU), eliciting the promulgation of a strong legislation to improve water 

quality. The aim of EU water policy is to protect the natural resources and the human 

health. Since 2000, the focus of the Water Framework Directive (WFD) is to ensure that 

the human use of water resources is compatible with the safety and preservation of the 

environment, by analyzing the multiple relationships between the pollution sources and 

their impact on water quality. As reported by WFD, by the continuous monitoring studies 

in the period from 2010 to 2015, 74% of the European groundwater is “in good chemical 

status”, a classification assigned when the concentration of priority hazardous substances 

(PSs) is not exceeding the environmental quality standards (EQSs) defined in the Directive 

2008/105/EC. However, this condition is achieved only by 38% of surface water. The EQSs 

are concentration limits of the pollutant substances present in water, defined to protect 

the environment and the human health from direct toxicity, and for each type of PSs, the 

annual average concentration monitored in the surface water bodies should not exceed its 

limit. In addition to the PSs, EU Member States are required to identify also wide priority 
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substances, namely river-basin specific pollutants (RBSPs), which concentration is 

regulated by national or regional rules. 

Chemical pollution causes adverse effects on organisms and the risk assessment is 

evaluated by comparing the health response of an organism when it is exposed to 

increasing concentrations of a pollutant. An aspect to be considered when using these 

effect-based methods to monitor the quality of water is that they are specific for a targeted 

chemical, while the presence of unknown substances or transformation products is not 

evaluated. Furthermore, chemical pollutants are frequently present as mixtures in the 

aquatic environment. When the organisms are exposed to chemical mixtures, adverse 

combined effects may be observed, even if the concentration of the singular substances is 

below the EQS. For this reason, the effect-based methods have to include additional 

pollutant mixtures considerations to assess the water quality with respect to chemical 

pollution [5,6]. 

The monitoring of the listed priority substances by the EU States Member is 

important in order to plan the appropriate water treatment considering the chemical 

substances that are exceeding the EQS, and to evaluate the progress on pollution control. 

Since it can be extremely difficult to clean the water bodies once harmful chemicals enter 

the environment, or to stop their migration towards other areas, it is important to improve 

wastewater treatments and, in the near future, to reconsider the substances used in the 

agricultural sectors. 
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1.2.1. Common classes of water pollutants 

Table 1.1. List of pollutants which most frequently exceed EQSs in EU surface water bodies. Data updated 

on February 2018. 

  

Pollutant Pollution source 

No EU Member States / 

water bodies exceeding 

EQSs 

PS/RBSP 

Metals 

Mercury atmospheric /industrial 22 / 45739 PS(a) 

Cadmium industrial 19 / 991 PS 

Nickel industrial 18 / 600 PS 

Lead industrial 17 / 413 PS 

Copper industrial 16 / 808 RBSP 

Chromium industrial 10 / 110 RBSP 

PAHs 

Benzo[g,h,i]perylene + 

Indeno[1,2,3-cd]-pyrene 

atmospheric 13 / 3080 PS(a) 

Fluoranthene atmospheric 13 / 1324 PS 

Benzo[a]pyrene atmospheric 11 / 1627 PS(a) 

Benzo[b]fluoranthene + 
benzo[k]fluoranthene 

atmospheric 10 / 460 PS(a) 

Anthracene  atmospheric 9 / 102 PS 

Phenanthrene atmospheric 4 / 68 RBSP 

Plasticizers 

di(2-ethylhexyl) phthalate (DEHP) Industrial/domestic 11 / 1014 PS 

Pesticides 

Hexachlorocyclohexane (HCH) agricultural 10 / 104 PS(a) 

Isoproturon agricultural 7 / 198 PS 

2-methyl-4-chlorophenoxyacetic acid 
(MCPA) 

agricultural 6 / 159 RBSP 

Terbuthylazine agricultural 6 / 51 RBSP 

Malathion agricultural 4 / 13 RBSP 

Parathion agricultural 4 / 7 RBSP 

Flame-retardants 

Polybrominated diphenyl ethers (pBDE)s domestic 7 / 23320 PS(a) 

(a) Substance is classified as uPBT 
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The WFD defined the list of PSs that have a significant risk for the aquatic environment. 

In the first proposed list in 2001, 33 substances, or group of substances, have been 

considered to be of major concern for EU waters. In this group, 11 substances have been 

classified as priority hazardous substances due to their toxicity, persistency and 

bioaccumulation and, for this reason, they have been subjected to a scheduled cessation 

or gradual decrease of their discharges, emission and losses in 2020. 

In 2013, the Directive 2013/39/EC includes other PSs to this list, for a total of 45 

substances. Small groups of these contaminants of emerging concern, such as mercury 

and its compounds, polybrominated dipheniylethers and certain polycyclic aromatic 

hydrocarbons (PAHs), are classified as ubiquitous, persistent, bioaccumulative and toxic 

(uPBT). The concentration of uPBT substances in surface waters often exceeds the EQSs, 

resulting in the failure to achieve the good chemical status for most of the monitored water 

bodies. In Table 1.1 are listed the pollutants that most often are found above the allowed 

concentration in the surface water bodies. The pollutants are grouped in different 

chemical classes, including the most influent source that causes their presence in the water 

bodies, and will be discussed separately below. 

1.2.1.1. Metals 

As shown in Table 1.1, metals, such as cadmium (Cd), nickel (Ni), lead (Pb), copper 

(Cu), chromium (Cr) and cyanide ion, have been detected exceeding the EQSs in the 

surface water bodies of different EU Member States. Such metals are natural substances 

which have been widely used in the industrial sector. The natural emissions that can 

contribute to their presence in the environment, such as volcanic eruptions, wildfires and 

rock erosions, occur at a slow rate compared to the anthropogenic activities. With the 

exception of naturally metalliferous areas, the metal pollution in surface water is therefore 

mainly caused by metallurgical industry discharge, fuel combustion, vehicle emissions 

and agricultural practices [7,8]. Due to the natural presence of metal in the environment, 

the assessment of the concentration above which the metal may have hazardous effects 
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on the ecosystems is difficult to be defined. To do this evaluation, it should be considered 

the metal bioavailability in both water and sediment phase and the effect of mixtures with 

other pollutants[9]. Although some metal are essential for living beings, higher exposed 

concentration or mixture effects, can in fact cause adverse and toxic effects to humans and 

aquatic ecosystems [9,10].  

However, the most common pollutant in European surface waters is mercury (Hg) 

(Table 1.1). It is classified as uPBT and its presence in the environment is the result of 

natural and anthropogenic activities. The atmospheric emissions of Hg are mainly due to 

coal burning and industrial processes, as cement production[11]. It is globally distributed 

and, through atmospheric deposition, it can easily enter the aquatic systems, where 

inorganic Hg can be converted in the extremely toxic methylmercury[12]. In this form, Hg 

can be biomagnified and bioaccumulated through the food chain, reaching 

humans[11,12]. A continuous exposure to Hg causes adverse effects on the nervous, 

immune and digestive systems, while its combined exposure with other pollutants can 

cause synergistic effects that can further worsen or cause additional health problems[13]. 

1.2.1.2. PAHs 

Another class of hazardous substances which, for many EU water bodies, was the 

reason for not being classified in “good chemical status” is the one of the PAHs. They are 

a large group of organic compounds characterized by two or more fused aromatic rings, 

which are formed from the incomplete combustion of organic material such as coal, petrol 

and wood[14]. Sources of PAHs are both natural, as crude oil and wildfires, and 

anthropogenic, most from the production and processing of metals, vehicle exhaust and 

domestic heating emissions. Upon releasing in the atmosphere, PHAs are adsorbed on 

small particles[15] and they can enter the surface waters via atmospheric deposition or 

from municipal and industrial effluents. Many PAHs are classified highly carcinogenic, 

mutagenic and teratogenic and therefore are considered a serious threat to the human 

health[15]. 
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1.2.1.3. Plasticizers 

Considering the chemical pollution derived from the domestic sector, the 

concentration of DEHP exceeds the EQS in 11 EU State Members (Table 1.1). DEHP was a 

widely used plasticizer in the manufacturing of polyvinyl chloride (PVC) and in other 

daily use products, such as plastic bags and as additive in paints, cosmetics and toys[16]. 

Due to its proved harmful effect as endocrine disruptor with toxic effect on reproductive 

system, its use in consumer products[16], together with other phthalates, has been 

restricted in the EU market (Regulation 2018/2005/EU amending the REACH Annex 

XVII). However, DEPH is widespread in the environment, because of its persistence in 

sediments and soils. Nonetheless, its concentration is above the EQS only in a relatively 

low number of water bodies, thanks to its successful removal by conventional wastewater 

treatment processes[17]. 

1.2.1.4. Pesticides 

Pesticides are a group of active substances widely used in the modern agricultural 

practices to enhance the agricultural productivity and yield and to improve pest control. 

In Europe, the use of pesticides is regulated by the framework Regulation 1107/2009/EC, 

in which only the authorized active substances can be used in plant protection products. 

Although their use is regulated, the concentration of pesticides in surface water bodies 

may exceed the permitted thresholds, due to their transfer from the treated soil to the 

water[18]. Actually, the chemical status of the surface water bodies is affected by the 

presence of pesticides in several EU Member States (Table 1.1). For this reason, there is an 

increasing concern about the effect on the aquatic ecosystems and on the human health 

caused by the introduction of active substances in the environment and by their 

combination as mixtures [19]. 

The insecticide HCH, also known as lindane, belongs to the organochlorine 

pesticide group, together with dichlorodiphenyltrichloroethane (DDT), aldrin and 

heptachlor. It has been used as broad-spectrum insecticide, acting through contact; 
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however, it can easily volatilized from soil and, due to its sufficiently long atmospheric 

lifetime and its relatively high solubility, it has been detected in all environment 

compartments[20]. Due to the high persistency and toxicity of this compound, as well as 

of the other organochlorine pesticides, many of these previously widely used, insecticides 

have now been banned (Regulation 850/2004/EC). Other insecticides identified to exceed 

the EQSs only in few EU Member States, are malathion and parathion, both 

organophosphorus compounds. Concerning the herbicides, isoproturon is mainly used in 

the cultivation of cereals and it can be found in water bodies draining from soil. It has 

been listed as PS because of its toxicity towards aquatic ecosystems[21]. Two other 

herbicides used to control weeds in cereal and other crops, MCPA and terbuthylazine, 

also exceed the EQS values, as shown in Table 1.1. 

1.2.1.5. Flame-retardants 

Among the listed priority substances, the pBDEs are organobromine compounds 

used as flame retardant which concentration is found to exceed the EQSs in few European 

Member States (Table 1.1). Flame retardants are incorporated to different materials as 

additive mainly via physical interactions, in order to stop or reduce the growth of the fire. 

However, they may diffuse out from the treated material, causing important adverse 

effects on the human health and environment. In fact, pBDEs are considered toxic and 

potentially harmful to human beings since they are classified as neurotoxicants and 

endocrine disruptors[22]. The main sources of flame retardants entering the environment 

are domestic and industrial wastewater treatment plants effluents, releasing from treated 

materials and atmospheric deposition[23]. 

1.2.1.6. Emerging pollutants 

Emerging pollutants are a class of chemicals that have received increasing 

attention over the last twenty years. They are not necessarily new chemicals and they are 

usually present in low concentration in the environment. Recently, thanks to the 
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innovation in analytical technologies and instrumentations, it has been possible to detect 

concentrations of several chemicals in the order of ng/L or µg/L[24]. Despite their low 

concentration, the emerging pollutants may have a significant hazardous impact on the 

aquatic organisms. This class includes all the pollutants which are not subjected to any 

monitoring programs and, due to their toxicity and potential health effect, they can be 

candidates for future EU regulations. Some examples of emerging substances are 

industrial dyes, surfactants, organophosphorus flame-retardants, pharmaceuticals and 

personal care products, biocides, polar pesticides and chemicals with proven or suspected 

endocrine disruptor effect[25]. Although the prevalence of pharmaceuticals classified as 

emerging pollutants derives from industrial and domestic sectors, the misuse of active 

compounds in agriculture is increasing also the discharge of antibiotics and hormones 

mainly used to treat diseases and to promote growth in livestock and fishes[26]. 

1.3. Wastewater treatments 

Wastewater must be treated in order to be disposed in the ambient without 

causing harm to natural environment and to human health. Conventional wastewater 

treatments consist of a combination of physical, chemical and biological processes to 

remove solid, organic matter and nutrients, as nitrogen and phosphorous, from waste 

effluents. To be effective, the treatment approach changes considering the incoming 

water, due to the different sources of water contamination[27]. In particular, most 

industrial processes produce large volumes of polluted water, in which the specific 

composition of the industrial effluents is strictly related to the manufacturing procedure. 

The industrial effluents are therefore composed of specific organic compounds, heavy 

metals and salts or any mixtures of the above, presenting often extreme conditions of pH 

or high turbidity. In these cases, it is important to pre-treat the primary industrial effluents 

before they reach the wastewater treatment plants, in order to ensure an effective 

purification[28]. 
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In general, the decontamination process starts with a physical and mechanical pre-

treatment of the wastewater, to eliminate larger debris, followed by the primary 

treatment, which involves the partial elimination of solid and organic matter by physical 

and chemical methods, such as precipitation and coagulation (Figure 1.1). 

 

Figure 1.1. Schematic diagram of the main processes in a conventional wastewater treatment, adapted from 

reference[4]. 

The treated effluent is subjected to the secondary treatment, in which the dissolved 

and suspended organic solid matters are set down by means of a chemical and biological 

treatment. In this phase, the bio-degradable organic matter is removed using aerobic 

biological treatments, which include the use of micro-organisms or activated sludge, 

usually in combination with filters in case of high concentration of organics. The effluent 

is further treated with a tertiary treatment before being discharged into the environment. 

The tertiary treatment involves physical techniques and chemical methods to improve the 

quality of the water. Nutrients, dissolved solid, resistant organics and heavy metals are 

removed by means of advanced wastewater treatments, such as oxidation processes and 

use of specific membranes or adsorbents [4]. Conventional wastewater treatments are 

however ineffective in the removal of numerous chemical compounds, which have been 

recently introduced in the domestic, industrial and agricultural sectors. In fact, as 

mentioned above, conventional wastewater treatments are commonly aimed to treat 

specific effluents reaching the restricted quality standards, but they often fail to remove 

emerging pollutants. As consequence of the failure in the proper removal of pollutants, 

the discharged water is among the main sources for the release of emerging pollutants 
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into the environment[29,30]. Therefore, it is important to ensure the quality of outcoming 

water in order to protect the environment and the human health. 

The improvement of the quality of the treated wastewater can be achieved through 

the optimization of existing processes or through the combination of new treatment 

technologies in the tertiary treatment, such as membrane separation, advances oxidation 

and adsorption onto non-conventional solids[4,31,32]. The implementation of tertiary 

treatments with other advanced processes is proved to be effective in the reduction of the 

effluent toxicities and in the reaching of the appropriate quality criteria[33]. 

New treatment technologies, which have already been combined to conventional 

wastewater treatments or evaluated for the improvement of the water quality, will be 

presented in the following sections. 

1.3.1 Membrane separation processes 

Membrane separation processes, such as microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF), reverse osmosis (RO) and forward osmosis (FO), have been widely 

used in wastewater treatments to improve the removal of emerging contaminants from 

treated effluents. Different types of materials have been used as membranes, including 

polymeric and inorganic materials. Polymeric-based membranes are the most used, due 

to the high processability and low cost. Among the membrane-based technologies, MF 

and UF are low-pressure separation processes, which are usually employed to treat 

wastewater effluents in the secondary treatment process, in which the separation 

performance is often improved by combining them with several pre-treatments, such as 

ozonation, biological activated carbon or coagulation, resulting in higher removal of dyes, 

organic substances and microorganisms [34,35]. These two membranes are able to 

completely remove the suspended solids, thanks to the physical barrier provided by their 

porous sizes (ranges from 0.1 - 1 µm and 0.01 - 0.04 µm in MF and UF, respectively)[29]. 

Contrarily, NF has been investigated as a tertiary treatment process to remove 

pharmaceutical residues from secondary effluents, reaching removal efficiency values 

strongly dependent from the physicochemical properties of the investigated 
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pollutants[36]. The rejection of organic compounds by NF and RO membranes can occur 

for three different events: size exclusion, adsorption or electrostatic repulsion, through the 

formation of the Donnan potential on the membrane surface in the latter case. In the NF 

membranes, the pore size range is from 1 to 10 nm, higher than the one of RO membranes 

(pore size < 1 nm)[37]. Although the pressure-driven NF and RO processes are effective 

for the removal of many organic contaminants, they require high-energy consumption 

and produce waste stream with high content of organic and inorganic matter, whose 

disposal is challenging[29,36]. Moreover, the surface of the membranes is subjected to 

fouling deterring the filtration performance, therefore it is important to develop 

membranes in which the fouling is minimized. The FO membrane operates under an 

osmotic driving force, without requiring a pressure difference and it is a suitable 

alternative to RO for the rejection of organic compounds (Figure 1.2a). The osmotic 

pressure gradient drives water from the diluted feed solution to the concentrated draw 

solution through a semipermeable membrane, which rejects salts and organic 

contaminants in the feed solution. Since the osmotic pressure is the driving force in this 

separation process, unlike the hydraulic pressure in NF and RO, the water transfer is bi-

directional, showing a forward diffusion of water from feed solution coupled with the 

reverse draw diffusion (Figure 1.2b)[38]. 

 

Figure 1.2. Schematic diagram of (a) FO and (b) RO membranes. 

FO has been successfully employed in wastewater treatment, in which the treated 

effluent is used as feed solution[39]. Draw solution provides the osmotic pressure, driving 
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therefore the FO separation. An appropriate draw solution should minimize reverse 

diffusion and be compatible with the post-treatment steps[40]. FO membranes have 

revealed high retention values, reaching above 99% rejection in case of heavy metal ions, 

such as Cd, Cr, Hg and Pb, due to the combination of heavy metal transport across the 

membrane, their hydration radii and the instauration of the Donnan potential[41]. In case 

of organic compounds, FO membranes have reached higher rejection values for large 

hydrophobic molecules and for ionic compound, due to the instauration of hydrophobic 

and electrostatic interactions[41]. The use of membrane separation processes based on FO 

is therefore considered a promising solution for the improvement of the quality of water 

in wastewater treatment, thanks to the lower energy demand, to the lower susceptibility 

to membrane fouling and to the high water recovery[42]. 

In general, compared to other water treatments such as adsorption processes, 

membrane separation processes show acceptable performance, despite their poor 

efficiency in treating particular contaminants, like heavy metals, mostly in case of high 

concentration[43]. Moreover, membrane separation processes, with the exception of 

particular cases, are not selective and often require the combination with other 

physicochemical treatments, since its easy subjection to fouling[4,43]. 

1.3.2. Adsorption processes 

Adsorption processes have been recognized as a feasible technology for water 

purification, compared to other physical or chemical techniques. In fact, techniques such 

as coagulation, flocculation, ozonation etc. can cause the formation of hazardous by-

products, resulting thus in secondary pollution, but also require high energy consumption 

and high cost to work properly[33]. Adsorption is a physicochemical method widely used 

for the wastewater treatment, due to its cost-effectiveness, easy operation and simplicity 

of design. Usually, adsorption processes are employed to remove dissolved organic 

compounds, which remain in the treated effluent after the secondary or tertiary treatment. 

The adsorption of one or more compounds from the fluid phase to the solid phase occurs 

with the balancing of the interaction forces between the adsorbate, the adsorbent surface 
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and the fluid. The affinity between the adsorbate and the adsorbent is the main interaction 

force controlling the adsorption process. Based on the type of the established interaction, 

the adsorption process can be classified as a physical or chemical adsorption 

(physisorption and chemisorption, respectively). In a physisorption, the interaction occurs 

without electron exchange by the instauration of hydrogen bonds, electrostatic and van 

der Waals forces. Through this interaction, a multilayer adsorption can occur on the 

surface of the adsorbent, in which the adsorption is characterized by low binding energies, 

ranging from 5 to 40 kJ/mol. In this case, the adsorbed substance can easily desorb under 

specific conditions. Chemisorption involves the transfer, exchange or sharing of electrons 

between adsorbate and adsorbent, due to the formation of ionic and covalent bonds with 

binding energy in the order of 40 – 800 kJ/mol. The adsorption is therefore irreversible, 

with the formation of a monolayer of adsorbate on the adsorbent surface. Usually, in a 

real-world situation, the classification between physical or chemical adsorption is not so 

strict and each case has to be considered separately. 

In wastewater treatment, adsorption processes can be combined to other tertiary 

treatments, both discontinuously in batch reactors, or continuously in fixed-bed reactors. 

The continuous adsorption systems are suitable for water treatment in large-scale 

applications using packed-bed columns, although the contact time between the effluent 

and the adsorbent is lower than the one in batch reactors. Furthermore, some parameters 

should be considered before scaling up the continuous systems to ensure the maximum 

performance, such as the bed adsorption capacity, the mass transfer processes and the 

saturation times. However, the removal efficiency of continuous systems is usually below 

the one achieved for batch reactors[44]. 

Ideal adsorbents should have a high surface area and pore volume, with good 

mechanical, chemical and thermal stability. Furthermore, they should present high 

adsorption capacity and rapid adsorption kinetics, ensuring restrained costs of the overall 

adsorption process. Since the adsorbent performance gradually decreases due to the 

progressive accumulation of the adsorbate on its surface, the regeneration of exhausted 

adsorbents represents a fundamental aspect to be considered for choosing the adsorption 
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process in wastewater treatments. In fact, the regeneration potential establishes the 

economic feasibility of the employment of the adsorbent in the wastewater treatment.  

Activated carbon (AC) is the most common adsorbent used to treat wastewater, 

due to its high specific surface area and good adsorption capacity towards different 

contaminants. AC is derived from various organic precursor, such as bituminous coal, 

lignite, peat, wood and coconut shell, through physical or chemical activation[45]. To treat 

the effluents, AC is mainly used in the form of granules in fixed-bed columns or as powder 

in slurry form, showing good adsorption capacity for most of the refractory organic 

substances, even at low concentrations and/or in the presence of competitor compounds 

for the same adsorption sites[46–48]. The high cost of commercial AC and the difficult 

regeneration limit however its use, encouraging the research of alternative precursor 

sources, by means of renewable and cheaper byproducts or residues from industrial and 

agricultural activities[46,49]. The production of low-cost AC, starting from residues of 

processing industries, contributes to a sustainable waste management, resulting in a 

profitable circular economy[49]. 

As an alternative of the AC adsorbents, a large number of low-cost adsorbents 

have been developed and investigated for the removal of different compounds, such as 

heavy metal ions, nutrients, dyes, pesticides and pharmaceuticals, from water and 

wastewater[50,51]. Specifically, lignocellulosic materials from agricultural waste, such as 

agricultural peel-based biosorbents, have been proposed as feasible adsorbents for real 

applications[52]. Agricultural waste peels are formed in great amounts during the 

industrial processing of fruits and vegetables and, together with their particular chemical 

composition, make them an inexpensive, abundant and eco-friendly resource able to 

effectively remove diverse types of compounds from water without requiring 

sophisticated pre-treatments[52]. This ability is explained by the several polar functional 

groups of their main components, such as lignin and cellulose, which are able to efficiently 

interact with various organic and inorganic pollutants[52–55].However, these low-cost 

adsorbents have been evaluated mostly in the powder form, and for experiments at lab-

scale, in which only few studies reported the results on the treatment of real wastewater 
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effluents. Although the results show a remarkable affinity towards a wide range of 

contaminants, further studies are required to assess their applicability in full-scale 

wastewater treatments as an alternative to AC. 

1.3.3. Advanced oxidation processes 

Advanced oxidation processes (AOPs) are promising and environmentally 

friendly technologies based on the in-situ production of highly reactive radical species 

capable of oxidizing organic compounds in aquatic media. AOPs are of particular interest 

in wastewater treatment because these processes provide a sustainable and effective 

option for the removal of recalcitrant organic pollutants, which persist in the treated 

effluents after the employment of conventional treatments[56,57]. Differently from the 

previously discussed treatments, the AOPs can be effectively employed as destructive 

methods for the removal of toxic compounds forming less complex and harmful 

intermediates. The generation of highly reactive radical species, such as hydroxyl (●OH), 

superoxide (●O2‒), hydroperoxyl (HO2●) and sulfate (SO4‒●) radicals, is achieved through a 

wide range of different methods, which are in part represented in Figure 1.3. 

 

Figure 1.3. Classification of the different methods in AOPs. Processes established at full scale (green), 

investigated at pilot- and lab-scale (orange) and only at lab-scale (red). 

Some of the processes consist of a combination of different technologies and, for 

this reason, it is difficult to strictly categorize the AOPs in separate methods. As shown in 

Figure 1.3, the effectiveness of several AOP applications at full-scale in real wastewater 

treatment plants has been already demonstrated, resulting in the improvement on the 
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removal of a wide range of organic compound[56]. Among the ozone-based AOPs, it can 

be also included the ozonation, due to the generation of ●OH in water under certain 

conditions. Ozonation and peroxonation (O3/ H2O2) have been implemented in full-scale 

wastewater treatment, usually in combination with other techniques, in order to 

overcome process-specific limitations[58]. Ozone is commonly used as a selective strong 

oxidant (oxidation potential of 2.08 V vs. SCE) and as a disinfectant in water treatment. In 

a pilot-scale, O3/ H2O2 has been combined with UV/ H2O2 and granular biofiltration 

processes for the abatement of contaminants of emerging concern. The combination of 

these three processes, in which O3/ H2O2 is followed by biofiltration and then UV/ H2O2, 

allows to reach removal efficiencies comparable of those observed for the membrane-

based train composed by UF and RO membranes[58]. The presence of the other oxidant 

(H2O2) strongly improves the generation of ●OH, resulting in a significant enhancement 

of the abatement of contaminants[59]. 

The removal of several antibiotics has been improved by the implementation of 

UV-based AOPs (UV/H2O2 and UV/ SO4
‒ ● processes) via conventional short-wavelength 

ultraviolet (UV-C) disinfection reactor already installed, as complementary processes in 

the tertiary treatment. The generation of ●OH and SO4
‒ ●  under UV light induces a more 

effective degradation of the antibiotics than the one observed with only the UV-C 

treatment during the disinfection step[60]. Other AOPs implemented as tertiary 

treatments are catalytic-based methods such as Fenton and photo-Fenton processes. 

Fenton oxidation process is based on the formation of highly oxidative ●OH that can 

quickly and non-selectively degrade most organic pollutants. The formation of ●OH is 

observed upon the decomposition of hydrogen peroxide catalyzed by iron (II) under 

strong acid. The Fe2+ is oxidized to Fe3+ (eq. 1), which is subsequently reduced to Fe2+ with 

excess addition of H2O2 (eq. 2). 

Fe2+ + H2O2 + H+ → Fe3+ + H2O + •OH (1) 

Fe3++ H2O2 → Fe2+ + •O2H + H+ (2) 

In the photo-Fenton process, the combination of UV or visible light to the 

conventional oxidation process ensures an improvement of the degradation of the 
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pollutants, resulting also in a lower production of the iron sludge which is formed by the 

precipitation of the Fe3+ ions as ferric hydroxide oxide at pH above 3[61]. The Fenton 

oxidation process is already used in industrial full scale applications[56] and in pilot 

wastewater treatment plants[62]. The use of photo-active catalysts and the basic principles 

for the removal of organic pollutants from water by heterogeneous photocatalysis is 

discussed in the following chapter. 

Physical AOPs, such as ultrasound, plasma (liquid-phase electrical discharge) and 

electronic beam irradiation, have been investigated for different wastewater treatments. 

In these processes, the abatement of contaminants is induced by the instauration of highly 

energetic events. However, the physical AOPs are energy- and capital-intensive, 

hindering their implementation in wastewater treatments[56]. 

1.3.3.1. Heterogeneous photocatalysis 

Heterogeneous photocatalytic oxidation is one of the most promising AOPs for 

oxidizing organic pollutants into more biodegradable and less harmful compounds[63]. 

The process can be described as the acceleration of a photoreaction in the presence of a 

catalyst by adsorption of the reactants on its surface, without itself being consumed. The 

use of metal oxides as photocatalysts has aroused great interest thanks to their significant 

features, such as the desired band gap, abundancy in nature, biocompatibility and good 

stability in a variety of conditions. 

The light-driven reactions at semiconductor surfaces have been extensively 

studied since 1960s, using well-defined monocrystalline materials. The potential of 

heterogeneous photocatalysis was further recognized by Fujishima and Honda in 1972, 

when they demonstrated the photo-assisted electrochemical water splitting to H2 and O2 

on n-type semiconductor titanium dioxide (TiO2), encouraging strong improvements in 

the research especially in relation to energetic and environmental applications[64]. In fact, 

heterogeneous photocatalysis is one of the most investigated AOPs for the removal of 

contaminants of emerging concern from water, showing good process scalability, and it 
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can operate both in continuous or in a batch depending on the target compound (as also 

shown in Figure 1.3)[29,65]. 

Among the metal oxides, TiO2 semiconductor is extensively used as photocatalyst, 

due to its low cost, high chemical stability and biocompatibility. Most importantly, TiO2-

assisted photocatalytic oxidation is demonstrated to be effective in the degradation of a 

wide range of organic pollutants under mild conditions[65]. 

The definition of a semiconductor is easily obtained considering the available 

energies of the electrons in the material. In crystalline solids composed by N atoms, by 

decreasing the interatomic spacing, the coupling between adjacent atoms with discrete 

electronic energy levels leads to the overlapping of the atomic wave functions, resulting 

in the formation of continuous energy bands of discrete but closely spaced energy levels. 

The most external energy band completely full of electrons is defined as valence band 

(VB), while the upper vacant band is called conduction band (CB). The forbidden gap 

between VB and CB is called energy band gap (Eg). The Eg is the minimum energy 

required for the excitation of an electron from its bound state (VB) to a free state (CB). The 

electronic properties of solids depend on the differences in energy bands position and the 

distribution of electrons in each band, distinguishing between conductors, 

semiconductors and insulators, as shown in the simplified energy diagram in Figure 1.4. 

In fact, the distribution of the electrons in the energy bands determines the electrical 

conductivity in the solid. Bands that are partially filled have higher energy levels still 

available for the electrons to move upon application of an electric field and their 

movement leads to the electrical conduction. 

 

Figure 1.4. Energy band diagrams for (a) conductor, (b) semiconductor and (c) insulator. 
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In a conductor, the VB can be either partially or completely filled; in case of half-

filled VB, as for metal that have only one valence electron per atom like copper and silver, 

the electrons can move in the available energy levels at slightly higher energies, while for 

full VB, the high electrical conductivity is the consequence of the overlapping between the 

VB and the CB (Figure 1.4a). Typical conductors are, in fact, metals, in which the outer 

electrons of the atoms are loosely bound and can move through the solid. In an insulator, 

the VB is filled and separated from the CB by a large Eg, precluding, at least for ordinary 

temperatures, the electrons from reaching the CB, and therefore no electrical conductivity 

occurs (Figure 1.4c). Representative examples of insulators are glass and paper. In 

semiconductors, such as TiO2, the VB is close enough to the CB, with a relatively low Eg, 

and therefore electrons can reach the CB given some external energy, with the formation 

of holes in the VB (Figure 1.4b). In the absence of energy supply, the distribution of 

electrons and holes is ruled by the Fermi distribution, which takes into account the 

tendency of electrons and holes to recombine. 

The photocatalytic properties of the semiconductors are influenced by several 

factors, such as the energy band gap, the mobility and mean lifetime of the photo-excited 

carriers, the absorption coefficient of the material and the nature of the liquid- or gas-solid 

interface. 

In the overall cyclic process of the heterogeneous photocatalysis, it is possible to 

establish five independent steps: 

1. mass transfer of the reactant to the catalyst surface 

2. adsorption of the reactant onto the catalyst surface 

3. photocatalytic reaction in the adsorbed phase 

4. desorption of the products from the catalyst surface 

5. mass transfer of the products from the interface region to the bulk fluid. 

When a reactant is near to the photoactivated catalyst, it can preferentially 

concentrate, or be adsorbed, on its surface. Depending on the established relationship 

between the adsorbed compound and the catalyst surface, it is possible to distinguish 

between two principal adsorption mechanisms, based on physical and chemical 
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interactions. In the physical adsorption, the event quickly reaches the equilibrium via van 

der Waals or weak hydrogen bonds and it is reversible, allowing easy regeneration of the 

catalyst. The chemical adsorption involves the formation of coordination bonds via Lewis 

acid-base interactions or dissociative adsorption via Brønsted acid-base interaction, 

requiring more energy to regenerate the catalyst. 

In general, after the adsorption of the reactants on the surface catalyst, the 

photocatalytic reaction occurs upon irradiation with a proper electromagnetic radiation. 

The interaction of the surface charge carriers with the adsorbed reactants can promote 

surface chemical processes that can be described by two catalytic mechanisms, Langmuir-

Hinshelwood (LH) model and Eley-Rideal (ER) model, as shown in Figure 1.5. The 

reactant adsorption is an exothermic equilibrium, which is favored at low temperature 

and high pressure, differently from the molecule desorption and regeneration of the 

catalyst, which are favored at higher temperature and lower pressure. 

 

Figure 1.5. (a) LH and (b) ER mechanisms in a gas-solid reaction, involving the formation of molecular 

hydrogen at the catalyst surface. 

In the LH model (Figure 1.5a), the catalytic reaction occurs on the surface of the 

catalyst. Specifically, in the case of gas-solid reaction, such as the formation of hydrogen, 

two atoms are first adsorbed onto the catalyst surface, where they diffuse until they are 

close to interact, then the formed molecule desorbs from the surface. Differently from the 

LH model, in the ER mechanism (Figure 1.5b), the reaction occurs between an adsorbed 

atom and another atom in the gas phase. The photocatalytic degradation of organic 
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pollutants on the semiconductor surface is usually described, with minor deviations, by 

the LH model, which is widely applied to liquid-solid reactions[66,67]. After the reaction 

in the adsorbed phase, the formed compound is then desorbed from the catalyst surface. 

To describe in detail the photocatalytic reaction, it is useful to define the main 

phenomena that occur at the interface of an illuminated TiO2 particle dispersed in polluted 

water. The photoexcitation of a semiconductor is a quite complicated process, in which 

the absorption of photons is strictly related to the nature of the active site on the crystalline 

semiconductor. The general mechanism of the photocatalytic oxidation process for the 

degradation of organic pollutants on a metal-oxide based semiconductor is described in 

Figure 1.6. 

 

Figure 1.6. General mechanism of the photocatalytic process on TiO2 particle dispersed in polluted water. 

When the aqueous suspension of the semiconductor powders is irradiated by 

light, the absorption of photons, whose energy is equal or higher than the catalyst energy 

band gap, results in the formation of electron-hole pairs, with the dissociation of photo-

electrons in the conduction band and photo-holes in the valence band. The photo-

generated electron-hole pairs migrate to the surface or interface of the semiconductor, 

where various redox reactions occur with the adsorbed compound, resulting in the 

formation of reactive oxygen species (ROSs). The generation of ROSs at the H2O-TiO2 

interface can be described according to the following scheme[68]: 

TiO2 + hν → TiO2 (e-(CB) + h+VB)) 

OH⁻ + h+ → •OH 
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O2 + e- → •O2‒ 

•O2‒ + H +  → •O2H  

2•O2H → O2 + H2O2 

H2O2 + •O2‒ → OH‒  + •OH + O2 

Typically, for the wide band gap TiO2 photocatalyst under UV light, the photo-

excited electrons are trapped by dissolved O2 in water, producing •O2
‒ , while the photo-

generated holes react with H2O/OH⁻ to generate •OH. The formed ROSs are highly active 

oxidants, which can oxidize the organic pollutants promoting their degradation. 

However, most of the electron-hole pairs may recombine before reaching the catalyst 

surface (red dotted arrow in Figure 1.6), decreasing the quantum efficiency of the 

photocatalytic process. Usually, the electron-hole recombination in a catalyst can occur 

due to the presence of energy states within the band gap in which electrons can easily 

pair-up with holes, or due to the short lifetime of the photo-generated electron hole pairs. 

For this reason, different strategies have been proposed to prevent the charge 

recombination, improving the photocatalytic oxidation of aqueous pollutants. 

1.4. Nanotechnologies and nanomaterials for water 

remediation 

The improvement of conventional wastewater treatments is required to address 

the increasing demand for clean water. The significant difference in the local composition 

of wastewater streams makes extremely important the individual optimization of the 

treatment processes and plants. Further research is required for the minimization of the 

impact on the environment and, consequently, on the human health concern caused by an 

inappropriate water management. This may be achieved by the exploration of new 

sustainable, safe and cost effective methods as alternative to conventional processes that 

are often considered chemically, energetically and operationally intensive [69]. 
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The advance in nanotechnology offers promising solutions to address the water 

management challenges[28], as it offers the possibility to use new advanced engineered 

nanomaterials for wastewater treatment. This results in processes with enhanced 

performance, and with a consequent reduction of energy and cost requirements compared 

to the conventional wastewater treatment materials. Furthermore, the enhancement of the 

performance of engineered nanomaterials results in a higher effectiveness of the water 

treatments, reducing consequently the consumption of chemicals and of the cost and 

energy requirements associated to conventional treatments[70]. 

The control of the size, morphology and chemical structure of the engineered 

nanomaterials ensures the preparation of novel multifunctional systems with the desired 

optical, adsorptive, catalytic, electrical and antimicrobial properties. These 

multifunctional nanomaterials enable the concurrent combination of several treatment 

processes, resulting in the removal of a wider range of contaminants with different 

physio-chemical properties, which would instead require the use of different separate 

processes. In addition, depended on the application, they can be also designed to 

selectively remove specific pollutants[71]. Thanks to the implementation of engineered 

nanomaterials to the next-generation of membrane-separation, advanced oxidation and 

adsorption processes, it is possible to design adaptive and highly efficient wastewater 

treatments which can overcome the limitation of the traditional processes[71]. 

A wide number of engineered nanomaterials has already been proved to be 

effective in the enhancement or replacement of conventional wastewater treatments in a 

laboratory or pilot scale, facing however hurdles in the scale-up phase. Since the 

nanomaterials-based advanced processes show a relation between the volume of treated 

water and their efficiency and energy consumption, the treatment of small fraction of 

water ensures thus reduced operational costs. Therefore, the right key for the real use of 

nanomaterials-based processes in large scale applications[72] is through the innovative 

redesign of the treatment processes, by means of the decentralization of the large-scale 

treatment plants. The establishment of an interdependent hierarchical network of separate 

infrastructures allows the adaptation of the treatment processes through nanotechnology-
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enabled water treatments to efficiently address specific effluents[71,72]. Decentralized 

nanotechnology-based processes will ensure a more reliable and affordable access to clean 

water, due to the versatility of a modular treatment approach for the abatement of specific 

contaminants, enhancing the overall ability to treat different water streams[28,32]. 

However, the redesign of the water infrastructures, through the upgrading with hybrid 

centralized/decentralized systems, requires a deep investigation of many factors, 

including financial and political aspects, which could hinder the implementation of these 

systems[32]. Despite this, decentralized systems have been already demonstrated to play 

an important role in different urban areas[73,74], confirming this solution as the 

appropriate route for the implementation of the nanotechnologies to the wastewater 

treatments. 

1.5. Motivation of the thesis 

The application of nanotechnology in water remediation is a promising strategy 

for the highly efficient removal of organic compounds from water. The advancement in 

nanotechnologies positively affect the emerging wastewater treatments, such as the 

photocatalytic oxidation processes, which can improve the quality of the effluents if used 

in combination with the tertiary treatments. Among the emerging wastewater treatments, 

heterogeneous photocatalysis can be considered a destructive process able to potentially 

mineralize organic contaminants, especially persistent organic substances, which are not 

completely removed from the effluents by conventional wastewater treatments. 

Photocatalytic degradation of organic pollutants can therefore be used to improve their 

abatement or their conversion in less toxic and more biodegradable organic compounds. 

The use of nano-photocatalysts allows to achieve impressive photoactivity, thanks 

to their large surface area, abundant surface states and relatively simple modification. 

However, the impact on the aqueous environment of accidentally discharged nano-sized 

materials strongly limits their usability in real-world applications. The harmful effects of 

nanomaterials on aquatic organisms (e.g. algae, crustaceans and fishes) has been fully 
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demonstrated and their toxicity has been connected to the concentration, exposure time 

and reactivity of the nanomaterials in water bodies[75]. Another limitation of the use of 

free nanomaterials is the requirements of energy and time-consuming steps for their 

recovery from the treated water, which usually do not result in their complete removal. 

Therefore, the potential risks on the ecosystems and on the human health, together with 

the difficulties in separation and effective collection of the nanomaterials, have led to the 

development of composites for the immobilization of nanomaterials. 

The immobilization of the photo-active nanomaterials on a porous support allows 

the fabrication of functional solid composites, preventing their loss in the environment. 

The formation of an interconnected porous matrix ensures a high surface area material, in 

which organic pollutants from the permeate water can interact with a high number of 

active sites. This aspect allows to reach a good compromise in terms of the reduced 

exposed surface area of the embedded nanomaterials with the achieved benefit of no 

complex recovery steps. Polymers have been recently proposed as supports for 

nanomaterials due to their low weight, flexibility and easy conversion in different 

morphologies[76–81]. In fact, the chemical resistance, mechanical strength and relatively 

simple processability of some polymers make them a convenient choice as porous 

substrates in the development of composites for water treatment applications. 

Besides the wide variety of synthetic polymers, the use of biopolymers has many 

advantages for the preparation of functional composites. Biopolymers are 

macromolecules formed from living organisms[82], which are usually isolated and 

extracted from renewable feedstock sources or from waste products by several chemical 

processing techniques. The natural abundance of this class of biomaterials and their well-

defined chemical composition allow the formation of low-cost composites that are usually 

biodegradable and non-toxic[83]. The use of biopolymers as polymeric supports allows to 

prepare materials characterized by nano and macroscale features, thanks to their direct 

assembly in insoluble ordered structures. 

In addition to the composites prepared with inorganic materials[84,85] for water 

treatment applications, biopolymers can also be combined with natural by-products, such 
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as agricultural crops, in order to form a fully biocomposite adsorbent. In this case, the 

incorporation of agro-food by-products, as low-cost active filler, to form a sustainable 

composite allows their valorization reducing the costs associated to water treatments and 

the volume of waste derived from food processing. Conversely from heterogeneous 

photocatalysis, the use of biocomposite adsorbents does not ensure the mineralization of 

organic compounds, but they can nevertheless be easily used in case of high content of 

organic pollutants to concentrate them. 

1.6. Thesis Outline 

This thesis is focused on the investigation of different techniques for the 

preparation of porous composite materials aimed at the removal of organic compounds 

from water. First, the used fabrication techniques to obtain the porous matrix are 

presented in Chapter 2, considering their advantages and disadvantages on the formation 

of the porous structure. Then two strategies to incorporate the active material in the 

composite are proposed, specifically the incorporation of pre-formed nanomaterials and 

their direct synthesis inside the polymeric matrix, highlighting their convenience when 

developing a composite. 

After a general introduction on the fabrication procedures, the following part of 

the thesis describes the different developed porous composite materials and their use to 

remove model organic compounds by adsorption process and by photocatalytic 

degradation. Chapter 3 addresses the first composite material, which is a highly porous 

adsorbent prepared through the immobilization of an agro-waste powder in a bio-

polymeric matrix for the efficient removal of methylene blue dye from water. The effect 

of the agro-waste incorporation on the gelation process of the biopolymer and the 

formation of the final porous structure is discussed. Then the adsorption efficiency of the 

embedded low-cost adsorbent is compared to that of the free powder. The proposed 

biocomposite can be considered as an alternative to powder-like or synthetic solid 

sorbents in wastewater treatment. 
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The second material discussed in Chapter 4 is an electrospun composite mat for 

the heterogeneous photocatalytic degradation of organic pollutants in water, in which the 

photoactive nanomaterial is directly formed inside the polymeric matrix, obtaining a solid 

porous system. Besides the innovative in-situ synthetic approach to incorporate the 

nanomaterial in the polymer, the fixed metal oxide is further modified with noble metals 

through different approaches and the effect on its photocatalytic performance under UV 

light is studied. 

Chapter 5 is based on a different photoactive metal oxide and its incorporation in 

a porous composite through both the proposed synthetic strategies. The enhancement of 

its photocatalytic performance is investigated by means of different approaches, to 

improve the light harvesting of the solar spectrum. In the first part of the chapter, the 

metal oxide is directly formed in a polymeric electrospun mat and its modification with a 

noble metal allows the activation of the photocatalytic degradation of the organic 

compound under visible light, improving thus the visible light harvesting. In the second 

part of the chapter, the metal oxide is separately synthesized and then incorporated in a 

porous composite. The effect on the photocatalytic activity will be evaluated by doping to 

modulate the point defects in the metal oxide. The preliminary results on the 

incorporation of the metal oxide in the porous composite are discussed, evaluating the 

possible future directions. In addition, the size control study of the metal oxide is reported 

in Appendix 2. The adaptation of colloidal synthesis ensures the preparation of batches 

with different sizes of the metal oxide, which will be used as a support for an atomically 

dispersed catalyst, in order to study the role of the size of the support during the 

photocatalytic CO oxidation. 

Beyond the preparation of porous composite materials for the removal of aqueous 

contaminants, the preliminary results of the development of a sensitive polymeric coating 

as an active layer of an optical sensor are also presented in Appendix 3. The study of the 

stability of the proposed polymeric film and its interaction with mercury ions in water are 

reported, confirming its potential use as a sensitive coating deposited on fiber Bragg 
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grating for the detection of mercury, which is the most widespread aqueous pollutant in 

the European water bodies. 

  



 

30 

Chapter 2 

Fabrication methods 

The advantages of the implementation of nanotechnologies and nanomaterials in 

water remediation have been highlighted in the previous chapter. However, the use of 

active nano- or micro-particles is often hindered by difficulties in post-processing steps to 

recover them from the treated water. Therefore, a way to overcome these difficulties is to 

incorporate the active components into porous polymeric matrices to form polymer-based 

nanocomposites. 

The development of new materials with incorporated nano- or micro-sized active 

particles requires an effective immobilization of the fillers on high surface area materials. 

Ideal polymeric supports for wastewater treatment should have high specific surface area, 

porosity, surface functional groups and they should exhibit chemical inertness towards a 

wide variety of harsh conditions. Conversely to inorganic supports, the use of polymers 

ensures several advantages, such as the relatively easy modification of the physiochemical 

properties of the material and the relatively lower production cost[86]. Polymeric 

supports, based on synthetic polymers or biopolymers, can exhibit attractive peculiarities 

in terms of morphology, flexibility and mechanical properties, which make them a valid 

alternative to classic inorganic supports for environmental applications[87]. 

This chapter introduces the theoretical concepts of the approaches mainly used to 

prepare the polymeric-based porous matrices. Methods on the complex incorporation of 

the active components in the polymeric matrices are then presented, focusing on two main 

approaches. Specifically, the incorporation approaches concern the direct dispersion of 

pre-synthetized nanoparticles (NPs) in the polymeric solutions before the formation of the 

porous nanocomposites (presented as ex-situ strategy) and the direct functionalization of 

the surfaces of already formed polymeric porous materials through in-situ synthesis of 

NPs. 
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2.1. Gel drying 

Depending on the type of the polymer, solid porous matrices can be prepared 

starting from gels, by means of different drying techniques to remove the solvent from 

the gel pores. A polymer gel consists in wet soft solid-like material, in which the liquid 

phase fills the interstitial spaces of the elastic cross-linked solid[88]. Since gels are prone 

to deform or crack during drying, one of the main difficulties in the drying process is to 

preserve the original nano- and micro-porous structure. Different approaches can be used 

to dry the gels, such as the evaporative drying, the freeze-drying and the supercritical 

drying[89]. In case of the simple evaporative drying, the liquid is removed from within a 

solid porous material by its evaporation (at ambient pressure or under vacuum). 

However, the surface tension and the capillary stress induced by the removal of the 

solvent can cause the disruption of the porous network which often collapses due to the 

material shrinking. For this reason, the evaporative drying process is not widely used, 

unless in specific conditions, where the porous structure is considered a secondary feature 

with respect to the formation of a dried solid material. 

2.1.1. Freeze-drying technique 

Although freeze-drying is mainly used in the pharmaceutical field to dry diluted 

solutions, it has been recently used also for the removal of the solvent in NPs and in solid 

materials, thanks to its advantages with respect to other conventional drying techniques. 

In fact, the freeze-drying technique works at low temperature, usually below 20 °C and, 

therefore it can be used to dry materials composed by thermolabile compounds. 

Furthermore, it ensures the preservation of the physiochemical characteristics of the 

components. The freeze-drying process deals with the removal of a solvent, mostly water, 

from the frozen gel by the sublimation and by the desorption of sorbed solvent under 

vacuum, producing high quality dried products. The process involves three subsequent 

steps and the first freezing phase is the most critical, affecting the overall process. The gel 

is cooled down, in atmospheric pressure, to a temperature below the eutectic point of the 
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solvent under an optimal freezing rate. The rate of freezing determines the crystalline size 

and, therefore, the features of the final porous structure, such as the shape of the pores, 

the pore size distribution and the pore connectivity[90]. Slow freezing rate induces the 

formation of larger crystalline structures, which leads to a fast sublimation of the frozen 

solvent out of the dried material. On the other hand, fast freezing rate results in the 

formation of small crystals, decreasing the destabilizing mechanical stresses on the porous 

structure[91]. After the freezing step, the sublimation of the frozen solvent is performed 

during the primary, or main, drying step. The conversion of the frozen solvent directly 

into vapor is obtained by transferring heat to the material under vacuum to speed up the 

process. The vapors are collected on a condenser and at the end of this phase, almost all 

the solvent is removed. In the last step of the drying process, the secondary drying 

involves the removal of the bound solvent that has not been sublimated. In this step, 

which is usually faster than the main drying step, the temperature is raised at higher value 

while the pressure is set lower than those of the primary drying. 

The use of this drying technique results in the formation of a foam-like dried 

material with relatively high porosity and low density. One of the main disadvantages of 

this technique is the difficult control of the freezing rate, which may cause the formation 

of larger crystals of solvent or their melting during the drying steps, thereby affecting the 

final porous structure[92]. Furthermore, the freeze-drying process can be also used to 

remove organic solvents from gels. However, particular safety considerations and special 

systems are needed to handle volatile and potentially harmful solvents and to reach the 

lower temperatures required for their freezing and condensation. 

2.1.2. Supercritical fluid-assisted drying technique 

The supercritical fluid-assisted drying technique is an alternative process to 

remove organic solvent preserving the original porous structure without effects of surface 

tension and capillary stress. Moreover, there is no effect of the mechanical stress caused 

by the solvent freezing such as in the freeze-drying technique. 
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Supercritical fluids are a unique class of substances that above certain conditions 

of temperature and pressure have properties between those of a gas and a liquid. As 

shown in Figure 2.1, it is possible to define a supercritical fluid as a single phase that 

occurs when a fluid is held above its critical temperature and pressure. Above the critical 

point, the fluid shows a density and solubility similar to those of the liquids, while its 

compressibility is comparable to that of the gases. 

 

Figure 2.1. Phase diagram for CO2. 

Most organic solvents have a relatively high critical temperature (Tc) of 200 – 600 

°C and critical pressure (Pc) of 50 – 100 atm. In Table 2.1, the Tc and Pc values of some of 

the most diffused organic solvent are compared with the ones of the carbon dioxide (CO2). 

The lower critical parameters for CO2 make its critical point easily accessible. Therefore, 

among the supercritical fluids, CO2 is the most used because not only it is cheap, 

chemically inert, non-toxic and non-flammable, but also because it can be processed at 

mild conditions without forming harmful residues[93]. 

Table 2.1. Critical points of various solvents[94]. 

Solvent Tc (°C) Pc (atm) 

Acetone 235.1 46.385 

Carbon dioxide 31.13 72.786 

Ethanol 241 60.567 

Hexane 234.6 29.854 

Isopropanol 235.3 47.017 

Methanol 239.5 79.783 

Toluene 318.8 40.563 
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The supercritical CO2 (scCO2) has been used in industrial drying procedures, to 

dry mostly organic or inorganic gels, which are prepared using sol-gel techniques[95]. In 

fact, the scCO2 is miscible with numerous organic solvents and it can easily be recovered 

after the drying process, making this supercritical fluid a good choice as a drying 

medium[95]. 

In the scCO2 drying of a gel, the liquid solvent, which is usually a mixture of water 

and organic solvent, is first substituted by a pure organic solvent characterized by a good 

miscibility with scCO2. The soaking of the gel in the pure solvent is important to remove 

the residues of water from the pores. After that, the gel is placed in a pressure vessel with 

liquid CO2 to displace the organic solvent. When the organic solvent has been completely 

replaced, the liquid CO2 is heated above its critical point, which causes its conversion in 

gas. At this point, the scCO2 can be removed from the pores of the material by means of 

an isothermal depressurization of the fluid. The use of scCO2 drying has been 

demonstrated effective in the removal of different organic solvents from biopolymer-

based gels, obtaining interconnected porous structures in NPs and in solid aerogels[96,97]. 

2.2. Electrospinning 

Electrospinning is a common technique used to produce micro- and nano-fibrous 

structures by means of an electrohydrodynamic process. In this process, the uniaxial 

stretching or elongation of a viscoelastic jet is formed from a polymer solution under the 

application of a sufficiently high voltage, ensuring the rapid solvent loss and the 

formation of solid fibers. A basic setup for electrospinning consists of a high voltage 

power supply, a metallic needle spinneret and a grounded conductive collector electrode, 

as shown in Figure 2.2a. 

The polymer solution is placed in a syringe, which is connected to the needle 

spinneret and pushed by a system able to provide a stable and suitable feed rate. During 

the electrospinning process, the high voltage source induces an electric field between the 

positively charged metallic needle and the grounded collector. Under the effect of the 



 

35 

electric field, the charged polymer solution forms a pendant droplet which deforms in a 

conical projection at the edge of the needle, called Taylor’s cone (Figure 2.2b). 

 

Figure 2.2. (a) Schematic diagram of a conventional electrospinning setup and (b) illustration of 

the formation of the Taylor’s cone. 

The formation of the Taylor’s cone is induced by the electrostatic repulsion among 

the surface charges of the same sign. The electric stresses concentrated on the tip of the 

Taylor’s cone leads to the ejection of the fluid jet. The jet initially extends in a stable 

straight line and then, it enters an unstable bending stage, with vigorous whipping 

motions for the bending instabilities. When the jet travels towards the grounded collector, 

the polymer solution is simultaneously subjected to the rapid solvent evaporation, 

emphasized by the high surface area of the narrow fluid jet, causing the decrease of the 

jet diameter[98]. Therefore, the jet begins to thin and solidify in fibers before they 

randomly arrange on the collector forming an interconnected porous structure with a 

wide pore size distribution. Controlling the instabilities that affect the establishment of 

the fluid jet ensures the successful fibers formation, preventing the jet break up which 

causes the transition from the electrospinning to the electrospray process. In the 

electrospray process, the jet breaks into droplets resulting in the formation of polymer 

beads instead of continuous fibers. Nevertheless, the easy operation of the electrospinning 

process, numerous parameters have to be considered in order to prepare electrospun 

fibers with desired morphology and dimension. These parameters are divided in three 

broad categories, consisting in the properties of the polymer solution, the processing 

parameters and the environmental conditions. 
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The solution properties include volatility, dielectric constant, conductivity and 

surface tension. The concentration of the polymer solution is also an important factor for 

the successful fibers formation. In fact, low polymer concentration induces the 

electrospray process instead of the electrospinning, while higher concentrations of 

polymer leads to the formation of beads or helix-shaped micro-ribbons on the continuous 

fibers [99,100].The volatility of the solvent is important to guarantee the formation of a 

continuous fluid jet, in which, the solvent evaporation rate would allow the solidification 

of the fibers on the grounded collector. In addition, the combination of a highly volatile 

solvent with a high boiling point solvent is an effective approach to prepare porous micro- 

or nano-fibers, in which the pore formation arises from the induced phase separation 

caused by the rapid solvent evaporation[101,102]. The modification of the surface tension 

by using additives or solvent mixtures can assist in the formation of smooth fibers. The 

addition of salts, for example, can also increase the conductivity of the polymer solution, 

enabling the jet formation[103]. Furthermore, the enhancement of the intermolecular 

interaction thanks to the increase of the polymer concentration can prevent the break of 

the jet. Higher viscosity of the polymer solution as a consequence of high polymer 

concentration, leads to the increase of the fibers diameter[103,104]. 

The processing parameters are associated to the experimental setup. It is possible 

to vary the applied voltage, the feed rate of the polymer solution and the distance 

between the needle spinneret and the grounded collector. In the Taylor’s cone, the 

Coulombic repulsive force will stretch the viscoelastic polymer solution and, if the 

applied voltage is excessively high, the jet may accelerate faster, forming a smaller and 

less stable cone. The formation of the fluid jet is also hindered if the feed rate is not 

enough to maintain a continuous supply of the polymer solution. The control of both the 

feed rate and the voltage is therefore important to ensure the jet formation. The distance 

between the needle and the collector affects the flight time of the fluid jet and the 

strength of the electric field. The distance should be adequate to guarantee the 

evaporation of the solvent before the fibers are collected, in order to avoid the merging 

of the fibers or the formation of physical junctions[105]. 
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The environmental conditions, such as the humidity and temperature, can 

strongly affect the morphology of the electrospun fibers. Inappropriate humidity and 

temperature during electrospinning may cause phase separation phenomena during the 

solvent evaporation phase. The fluid jet consists of polymer rich and polymer lean phases 

which solidify differently. The concentrated phase solidifies shortly forming the 

polymeric matrix, while the drying of the lean phase results in the porous 

structure[101,106]. An increase of the relative humidity during the electrospinning 

process shows also effects on the orientation of the fibers during the deposition on the 

grounded collector[106]. 

Electrospinning process is a promising technique to prepare porous materials 

characterized by a high surface area. The control of the several factors ensures the 

formation of electrospun fibers with desired features depending on the type of 

application. In fact, electrospun-based materials have been widely applied in many 

application, such as medical[102,107], industrial[108] and electronics[109,110] 

applications. The incorporation of active components in the fibrous matrices opens up the 

route for the development of functional porous nanocomposites of high surface area. 

2.3. Incorporation of active nanomaterials 

The use of free NPs in industrial applications has several drawbacks, such as, the 

necessity of time-consuming procedures to separate and recover the powder, which often 

causes its partial loss[111], and the potential human health and environmental risk caused 

by their exposure[112,113]. These aspects can be overcome by the immobilization of the 

nanomaterials on suitable solid supports[111,114,115]. With this aim, polymeric supports 

have been recently introduced because of their low-weight, flexibility and their easy 

conversion in different morphologies, making them an interesting choice[76–81]. 

The choice of the polymeric support is also an important aspect, because the 

polymeric matrix defines the final physio-chemical characteristics of the composites; for 

example, the polymer support can act as a filter or can promote the adsorption of 
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particular compounds thanks to the presence of specific functional groups[116,117]. 

Furthermore, an ideal polymeric support should have large surface area, advantageous 

adhesion with the nanomaterial and good chemical and mechanical stability[111]. 

The incorporation of NPs in a polymeric matrix is the most critical parameter to 

control in order to have homogeneous dispersion and therefore to ensure their 

functionality in the composite[118,119]. The agglomeration of NPs in the solid polymeric 

matrix reduces their interfacial surface area causing a decrease of the NPs activity. 

Furthermore, the incorporation of NPs inside the polymeric matrix affects the mechanical, 

rheological, optical and thermal properties of the polymer in the composite[120]. In fact, 

the presence of NPs clusters leads to the formation of defects in the nanocomposite, 

resulting in a worsening of its mechanical properties. For the preparation of organic-

inorganic nanocomposites, different approaches have been investigated, involving the 

synthesis of the NPs directly within the porous matrix (in-situ synthetic strategy) [121–

123] and the incorporation of pre-formed NPs (ex-situ synthetic strategy). The latter can 

be obtained through different deposition techniques (e.g. layer by layer[124], physical 

vapor[111] and chemical vapor deposition[125,126]) or through the formation of NP-

polymer blends[123,127]. 

2.3.1. Ex-situ synthetic strategy 

The incorporation of preformed active NPs in polymer matrices allows to have a 

better control of the size, shape and composition of the particles. Thanks to the 

development in the synthesis of colloidal nanocrystals (NCs), high quality nanomaterials 

can be achieved on large scales with good reproducibility. The possibility to synthetize 

different functional inorganic nanomaterials, such as quantum dots, plasmonic or metal 

oxide NPs, results in the preparation of composites with desired functions for practical 

use. 

In order to prevent undesirable NPs agglomeration, the surface of the NPs is 

generally treated by physical or chemical methods to improve the compatibility between 

NPs and polymer and to reduce the interactions among the NPs. The physical treatment 



 

39 

involves the use of low molecular weight surfactants or high molecular weight polymers 

to cover the NPs surface through the instauration of hydrogen bonding, van der Waals or 

electrostatic forces[128]. The physical treatment with high molecular weight polymers 

instead of surfactants is more effective due to their stronger adsorption on the NPs surface 

and the higher control over the inter-particle interactions. On the other hand, the lower 

diffusion of these polymers among the clusters of NPs due to the higher molecular weight 

than that of the surfactants may reduce the effectiveness of their physical 

stabilization[129]. In the chemical treatment, the NPs surface is usually modified by a 

grafting with ligands that are miscible with the polymeric solution. In this way, the NPs 

are stabilized during the formation of the blend with the polymer, resulting in a stable 

dispersion. Typically, the grafted compounds are polymer chains, which act as molecular 

spacers to control the particle separation distances, hence the particle dispersion[130]. 

When the molecules are grafted as in the chemical treatment, their desorption from the 

surface of the NPs is remarkably lower than that of the physical treatment. 

2.3.1.1. Colloidal synthesis of NCs 

Colloidal synthesis is a surfactant-assisted fabrication approach of nanocrystalline 

materials that ensures a high control of their morphology, size distribution and chemical 

composition. In a typical colloidal synthesis, a metal salt precursor is added to a mixture 

of a surfactant and a high boiling point organic solvent in a three neck round bottom flask 

and the overall process occurs under an inert atmosphere (Figure 2.3a). This method is 

defined as bottom-up approach, in which the monomers (atomic, ionic or molecular units) 

are assembled through various reactions to form nanostructures, differently from the top-

down approach, in which nanomaterials are synthetized by breaking down bulk solids by 

means of physical and lithographic methods[131]. The surfactants usually employed are 

alkylthiols, amines, carboxylic acid etc[132]. Among the surfactants, oleylamine (Oam) is 

a versatile reagent commonly used in the synthesis of various NPs. It is a long-chain 

primary alkylamine that can act as a surfactant, solvent and reducing agent at elevated 
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temperatures. Its wide use can be justified by the several economical and practical 

advantages. In fact, Oam is in liquid state at room temperature, making it easy to be 

removed via centrifugation from the reaction mixture after the ending of the reaction[133]. 

 

Figure 2.3. (a) Schematic setup used for a colloidal synthesis and (b) synthesis of NPs. 

The three components (metal salt precursor, surfactant, and the high-boiling-point 

organic solvent) are heated up to induce the thermal decomposition of the metal 

precursor, forming highly reactive species called monomers that lead to the nucleation 

and support the growth of the NPs (Figure 2.3b). In the heat-up colloidal synthesis, the 

precursor begins to react with the surfactants as the temperature increases. Conversely, in 

the hot-injection synthetic approach, the reactive precursor is injected into the reaction 

mixture when the latter is at high temperature, and therefore the concentration of 

monomers necessary for the reaction to occur is reached almost immediately. This results 

in a homogeneous nucleation event, in contrary to the heat-up synthesis, where the 

formation of the monomers is thermodynamically driven, and a fine control of the heating 

rate and, therefore, of the precursor reactivity is required[134]. 

In general, the colloidal synthesis can be described as the sequence of three stages, 

as shown in Figure 2.4. In the first stage, the metal salt precursors gradually decompose 

to initiate the buildup of the reactive monomers. When the concentration of the free 
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monomers reaches a critical concentration (critical supersaturation), the nucleation stage 

starts, in which the monomers are rapidly consumed to form the NC seeds or nuclei. After 

the concentration of the monomers drops below the critical supersaturation, the reaction 

enters the growth stage. During this stage, the growth of NCs in influenced by the 

diffusion of the monomers to the surface of the particles and by their incorporation in the 

crystal bulk[135]. The adsorption/desorption dynamics of the surfactants on the surface 

of the formed clusters prevent their aggregation during the growth step, assisting the 

growth process. Moreover, the surfactants can be adsorbed onto some specific facets of 

the growing clusters, reducing their surface energy which results in the control of their 

growth rate for the tuning of the final shape of the NPs[131]. The precise control over the 

physical and chemical properties of the nano-sized objects that can be achieved by 

colloidal synthesis is promising for the development of homogeneous components in 

functional composites, with well-known photocatalytic behavior. 

 

Figure 2.4. La Mer diagram describing the three stages involved in a colloidal synthesis. 

2.3.2. In-situ synthetic strategy 

Recently, the preparation of nanocomposites by a direct in-situ synthesis of active 

nanostructures inside a polymeric matrix has attracted great interest in the development 

of functional materials. Thanks to this relatively simple approach, the agglomeration of 

the active inorganic NPs inside the nanocomposite can be avoided, ensuring the good 
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performance of the final material. In this approach, the NPs synthesis can occur before the 

formation of the solid polymeric matrix. In this case, the precursors are mixed with the 

monomers and the synthesis can be induced during the polymerization by means of 

different methods (e.g. sol-gel chemistry[136], hydrothermal synthesis[137], photo-

reduction[138]). Furthermore, the simultaneous preparation of the NPs with the 

polymeric matrix can reduce synthesis time and costs, avoiding to resort to priming 

synthetic steps. 

Another approach is the in-situ NPs synthesis directly in the solid polymeric 

matrix[121]. The precursor of the active nanomaterial is previously loaded in the 

polymeric matrix and the NPs synthesis can be carried out by a solid-state reaction which 

can be chemically[139–141], thermally[122,142,143] or photo-induced[121,144], causing 

the nucleation and the growth of NPs with a good spatial distribution in the polymeric 

matrix. Thermally-induced solid-state reactions in a polymeric matrix usually involve 

temperatures where the polymer is thermodynamically stable and long reaction time due 

to their special reaction mechanism[122,143]. The synthesis is then quenched exposing the 

composite to ambient conditions. The important aspects that have to be considered for the 

selection of the right precursor-polymeric system include a good solubility of the metal 

salt in the polymeric solution, a working temperature range for the salt decomposition 

which does not affect the polymeric matrix and the chemical compatibility between the 

metal salt and the polymer, avoiding thus secondary unwanted reactions. Most of the 

solid-state reactions of inorganic compounds involve the formation and release of gaseous 

by-products upon the decomposition of the metal precursor. The generally accepted 

theory of solid-state reaction describes the precursor decomposition as the sequence of 

two steps. The first step involves the formation of the nuclei and the second step is their 

growth[145]. The decomposition of the metal salt can be studied in order to define 

information about the activation energy, the kinetics and the types of the structural 

transformation in the solid matrix[146]. The understanding of these aspects is useful to 

define the optimal conditions under which the solid-state reaction occurs minimizing the 

influence of the mass-transfer in the overall synthesis. The slow diffusion of the reactants 
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is usually the main limiting step in the reaction rate[146]. Moreover, the growth of the 

nuclei in the polymeric matrix is affected by the polymeric matrix, which causes a physical 

constraint[122,143]. After the NPs formation by in-situ synthesis, the presence of 

unreacted precursors may affect the properties of the final nanocomposite. Nevertheless, 

this is a minor disadvantage if considering the good solubility in water of most of the NPs 

precursors, which are generally metal salts, allowing their easy removal by washing in 

water. 

2.4. Challenges for the incorporation of active nanomaterials 

in composites for water treatments 

The choice of the incorporation strategy has to be carefully considered when 

preparing the nanocomposite for non-conventional wastewater treatments. Water 

treatments, like adsorption and heterogeneous photocatalysis, are affected by the mass 

transfer phenomena, therefore they require maximized surface area of both the polymeric 

support and the active nanomaterials. Thanks to the fabrication methods proposed in the 

previous section, it is possible to prepare polymeric matrices, such as highly porous foams 

and polymeric fibrous mats, characterized by a high specific surface area. Although the 

surface area of the porous nanocomposites is lower compared to that of the suspended 

powders, resulting thus in a slight reduction in performance, the significant advantages 

concerning the usability in practical applications make the porous solid materials much 

more prominent for realistic water remediation applications. For optimal performance, 

the active nanomaterials should be homogeneously distributed on the porous polymeric 

matrix, mostly exposed on the polymer surface. This is an important aspect to ensure a 

high density of active sites easily accessible to the surface processes involved in the 

removal of the aqueous pollutants. Although the ex-situ synthetic strategy, in which the 

active nanomaterials are previously formed and then incorporated in a polymeric matrix, 

guarantee the great control over the morphology, size, chemical composition and, 
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therefore, over the physical properties of the NPs, their immobilization on a solid matrix 

surface may be difficult. Physical treatments, by means of the addition of surfactants or 

higher molecular weight compounds to stabilize the NPs dispersion in the polymeric 

solution, shows weak adsorption of the compounds on the NPs surface. The lower 

concentration of the compounds on the surface of the NPs may result in the possible 

formation of NP clusters or in an ineffective NPs incorporation in the polymeric matrix. 

A higher immobilization efficiency of pre-formed NPs in the polymeric matrix can 

be achieved by a chemical treatment, in which the NPs are covalently bonded to the 

polymer. However, the covalent bonding between the NP surface and the ligand can 

directly influence the optical, electrical, magnetic and catalytic properties of the NPs, 

showing an evident impact on its performance in the water treatment process. For 

example, the introduction of mid-gap electronic states due to the ligand binding increases 

the rate of non-radiative relaxations, reducing the photocatalytic performance[147]. 

The in-situ synthetic strategy allows the direct embedding of the NPs inside the 

polymeric matrix, due to the decomposition of the metallic precursors which are 

previously loaded in the solid matrix. The main disadvantage of this approach is the lower 

control of the size distribution, and shape of the formed NPs compared to the colloidal 

ones. Nevertheless, the possibility to avoid a multi-step procedure, such as the 

complicated chemical synthesis in terms of time, chemicals and energy consumption, 

makes the in-situ NPs synthesis a promising approach for the formation of cost-effective 

functional nanocomposites. Furthermore, the NPs formed by the in-situ synthesis usually 

appear well distributed in the polymeric matrix, without the formation of agglomerates. 

Thanks to this synthetic strategy, the NPs are formed both in the bulk and on the surface 

of the composite, on which the NPs are not covered by any polymeric layer as in the case 

of direct mixing. The direct contact between the active sites on the surface of the 

nanomaterials and the aqueous compounds leads to effective water treatment. 
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Chapter 3 

Porous bio-composite for the removal of organic 

pollutants by adsorption process 

 

3.1. Introduction 

Most of the commercial materials utilized so far for adsorption processes in water 

treatment present several limitations such as low sorption capacity, high-cost and high 

level of required maintenance to regenerate the sorbent[53]. For this reason, the research 

activities are now focused on the development of cost-effective smart materials 

characterized by high performance, in terms of high affinity, selectivity, and adsorption 

capacity for specific aqueous pollutants. 

As anticipated in Chapter 1.3.2, the utilization of agricultural waste as low-cost 

adsorbents has recently aroused great interest for water remediation applications. One of 

the most abundant agro-waste in the food industry is the orange peel (OP), which 

represents almost a quarter of the whole fruit mass after the juice extraction 

processing[148,149]. The hydroxyl and carboxylic groups of main components of OP (e.g. 

cellulose, pectin, hemi-cellulose, lignin, chlorophyll pigments and other low molecular 

weight hydrocarbons[150]) can bond the water contaminants, specifically the heavy metal 

ions (e.g., Pb2+, Ni2+, Cu2+), dyes (e.g., reactive blue 19, methylene blue, direct red 79), 

pesticides etc.[52,53], through different binding mechanisms, such as ions exchange, 

complexation and electrostatic interactions. For this reason, OP powder is a promising 

low-cost adsorbent for water remediation applications. To further enhance the OP 

adsorption efficiency specific treatments have been proposed, such as carbonization, 

alkali saponification and acid oxidation[52]. Nevertheless, wide use of OP powder in 
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large-scale water treatment could be considerably difficult, due to the time-consuming 

and complicated processes required for the recovery of the powder after the remediation 

process. Therefore, a strategy to improve the handling of OP in large-scale water 

treatment is ensured by fixing the powder in a solid porous system[151], in which the 

aqueous pollutants of the permeated water can selectively interact and be concentrated 

on the exposed OP active components. After the remediation process, the solid composite 

can be easily removed from the water, simplifying thus the post treatment for the 

collection of dispersed powders. 

Several agricultural waste materials are already used as low-cost fillers in different 

polymers to prepare functional composites[152–156], although their incorporation in 

porous composites for wastewater treatment is still in the first steps of development. In a 

recent work, a food/agro-waste powder has been combined with a synthetic polymer 

forming a macroscopic porous composite for the removal of heavy metal ions from water. 

However, the polymer was here used to confer solely structural integrity to the porous 

structure, without showing a significant effect in the adsorption process[151]. To further 

improve the performance of the solid porous material to adsorb water pollutants, OP 

particles are incorporated in an active polymeric matrix, forming a solid material. In 

particular, the proposed polymer can specifically interact with the water contaminants, 

resulting in solid OP based bio-composites with significantly high adsorption 

performance. 

The active polymeric matrix is the protein extracted from Bombyx mori silk 

cocoons, silk fibroin (SF), which is receiving great attention in the water remediation field 

due to its active components able to interact with various water pollutants, together with 

its remarkable mechanical properties, environmental stability and easy processability in 

various material structures[84,157]. SF has been proved to efficiently interact with various 

dyes (such as direct orange, disperse blue and methylene blue)[158] or heavy metal ion 

(such as Cu2+)[159]. Its performance can be further enhanced by forming ultrathin 

filtration membranes[160] or by its combination with various polymers[161][162] and 

organic or inorganic fillers[163][84]. In fact, SF can be processed in various structural 
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arrangements characterized by high surface area, such as fibers[163] and foams[164], 

making it an interesting choice for the preparation of porous bio-composite adsorbents. 

The solubility in water of SF-based materials is controlled by means of different 

physiochemical treatments depending on the variation of pH, temperature, organic 

solvent, etc.[165], which act on the crystalline content forming thermodynamically stable 

β-sheet regions that serve as physical cross-links in the material structure. Furthermore, 

SF biopolymer could potentially be extracted by the leftover of the silk fiber 

manufacturing processes[158], representing an example of a circular economy if 

combined with OP agro waste. In this case, the agricultural waste is efficiently valorized 

developing an advanced system for the treatment of contaminated water, specifically for 

the removal of methylene blue (MB), a cationic thiazine dye. 

The presented silk fibroin-orange peel powder (SFOP) composite foams can be 

considered an efficient alternative to the powder-like and synthetic solid sorbents due to 

its manageability, good removal capacity, cost effectiveness and its reduced 

environmental impact. Thanks to the immense variety of agro-waste powders available, 

with the present approach, various possibilities are opened up for the development of a 

great number of porous biocomposite foams with advanced properties. 

3.2. Experimental methods 

3.2.1. Materials 

Bombyx mori silk cocoons were supplied by Cantiere della Provvidenza SPA Scs 

Onlus Italy. Sodium carbonate (Na2CO3), lithium bromide (LiBr), methanol, ethanol and 

methylene blue (MB) were purchased from Sigma-Aldrich. All chemicals were used 

without any further purification. Orange peel waste was collected from the canteen of the 

research institute. 

3.2.2. Bio-sorbent preparation 
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Orange waste peels were washed twice with deionized water and then with Milli-

Q® water in order to remove contaminants from the surface. Subsequently, the washed 

peels were dried in a convection oven for 24 h at 60 °C. The dried orange peels were then 

grounded with a domestic mixing grinder and sieved to particle size less than 50 μm. The 

final average particles size of the OP particles was 16.4 ± 9.5 μm, evaluated through SEM 

image analysis by using ImageJ software to measure the diameters of more than 300 

particles. 

3.2.3. Silk fibroin extraction protocol 

Firstly, the protein was extracted from silk cocoons by using a conventional 

method [166]. Briefly, silk cocoons were boiled in a 0.02 M solution of Na2CO3 to remove 

the sericin from the silk and then rinsed with distilled water to remove the salt residue. 

The dried SF was dissolved in 9.3 M solution of LiBr at 60 °C for 4 h and the obtained 

protein solution was dialyzed against Milli-Q® water using a dialysis membrane 

(Spectra/Por 1, Standard RC Tubing, Maximum Weight Cut-Off 6-8 kD) changing six 

times the water within 48 h. The solution was then centrifuged twice at 9000 rpm at 4 °C 

for 20 min to remove impurities and then it was stored at 4 °C to slow down the fibroin 

gelation process. The SF aqueous solution with 6 %W/V of protein was employed to prepare 

SF foams and SFOP composite foams. 

3.2.4. Foams preparation 

The SF and the silk fibroin-orange peel powder (SFOP) alcogels were prepared by 

adding 200 μL of methanol to 1 mL of 6 %W/V SF aqueous solution or to 1 mL of the OP-SF 

aqueous suspension, in which was added around 50%W/W of OP powder with respect to 

the SF content, respectively. The addition of the organic solvent induced the fibroin 

gelation and the mixtures was placed in an ultrasonic bath for 3 h to favor a homogeneous 

dispersion of the OP particles in the SF matrix. Then, the prepared alcogels were 

immersed in ethanol for two days in order to exchange the methanol. The alcogels were 

subsequently cut in five samples with similar dimensions (about 10 mg each) and kept in 
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EtOH until drying. The foaming process was performed by the scCO2 drying with a 

K850WM large chamber supercritical point dryer (Quorum Technologies). 

Specifically, the chamber temperature was first lowered to 10 °C, then the alcogels were 

loaded and flushed three times with liquid CO2 at 50 bar, which was maintained in the 

chamber for 15 minutes for each cycle to completely substitute the ethanol inside the 

porous samples. After that, the chamber was filled with liquid CO2, making sure that the 

samples were completely covered, and the temperature was increased to 35 °C to allow 

the increase of the pressure until 80 bar, over the critical point, inducing the transition of 

CO2 from liquid to supercritical gas. The samples were maintained in the chamber for 15 

minutes once the critical point was reached before the isothermal depressurization of the 

surpercritical fluid with a decompression of 3 bar·min-1. 

3.2.5. Characterization 

The morphological characterization of the foams was performed with a JEOL JSM-

7500F high-resolution scanning electron microscope (HR-SEM) equipped with a cold field 

emission gun, applying an accelerating voltage of 5 kV. The samples were coated with a 

thin layer (2-4 nm) of gold/palladium by a sputter coater (Cressington 208HR), in order to 

avoid the occlusion of the porous structure and to confer electrical conductivity. Both 

surface and cross section images were acquired to evaluate the possible morphological 

differences of the porous structure across the foam. Energy-dispersive X-ray spectroscopy 

(EDS) was carried through a JEOL JSM-7500F HR-SEM to evaluate the OP dispersion in 

the SFOP foam. 

The specific surface area and the pore size distribution of the mesopores and macropores 

of the foams were characterized using the nitrogen physisorption technique and mercury 

intrusion porosimetry. Nitrogen physisorption measurements were carried out at 77 K 

using a gas sorption analyzer, model Autosorb-iQ (Quantachrome Instruments). The 

samples were initially degassed for 3 h at 60 °C under vacuum conditions to remove 

weakly adsorbed species. The specific surface areas were calculated by using the 

multipoint Brunauer-Emmett-Teller (BET) model, considering 11 equally spaced points in 

the p/p0 range from 0.05 to 0.3. The pore size distribution was determined from the 
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desorption isotherms (range 0.35 < p/p0 < 1) by means the Barrett-Joyner-Halenda (BJH) 

method, taking into account 32 points. 

Mercury intrusion porosimetry (MIP) was performed by using Pascal 140 Evo and Pascal 

240 Evo mercury porosimeters (Thermo Fisher Scientific). The pressure of mercury 

intrusion was set at 0.0136 MPa and was continuously increasing up to 200 MPa, under a 

rate of 6 - 14 MPa·min-1. The contact angle of mercury with the samples and the surface 

tension of pure mercury were assumed to be 140° and 0.48 N·m-1 respectively, while the 

Washburn equation is used to calculate the pore size from the applied pressure, assuming 

that the pores are of cylindrical shape. The measurements of the real density of the foams 

were performed by Pycnomatic ATC (Thermo Fisher Scientific). This measure is based on 

the helium displacement; in fact, due to its small radius, helium is able to permeate also 

in the narrow pores of the sample ensuring the determination of the real volume occupied 

by the solid. The real density was then calculated by the ratio of the dried sample mass 

and its volume. 

Fourier transform infrared attenuated total reflectance (FTIR-ATR) measurements were 

performed in order to investigate the possible chemical interactions and the effect of the 

presence of OP on the SF crystallinity. FTIR-ATR spectra were recorded using Vertex 80 

Bruker Fourier transform infrared spectrometer coupled with a diamond/ZnSe crystal, in 

the range from 4000 to 600 cm-1 with a resolution of 4 cm-1 and collecting 64 scans for each 

spectrum. For the investigation of the crystallinity of the SF polymer matrix, the 

deconvolution of the FTIR spectra in the amide I region (1700 – 1600 cm-1) were achieved 

by using PeakFit 4.11 software. The OP spectral contribution was subtracted from the 

FTIR spectrum of the SFOP foam after the previous normalization with respect to the 

stretching of the C-O-C bond of the polysaccharides (1100 cm-1) of the baseline corrected 

spectra. The deconvolution process was carried out considering 11 fixed fitting peaks, 

which were held constant for each sample. The wavenumber peak positions were selected 

according to previous studies[165,167].The Gaussian shape analysis was set up with an 

amplitude threshold of 3%. The deconvolution analysis of the FTIR data was performed 

in three different samples in order to determine the average secondary structure content. 
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The FTIR-ATR spectra of the OP filler were also acquired before and after the MB 

adsorption experiments to evaluate the effect of the dye adsorption on the OP powder. 

The X-ray diffraction (XRD) was performed by a PANalytical Empyrean X-ray 

diffractometer with Cu Kα radiation operating at 45 kV and 40 mA to evaluate the 

crystallinity of the protein in the prepared foam. The diffractograms were recorded in 

reflection mode, with a step time of 500 s and step size 0.1°, for 2θ range from 10° to 35°. 

In order to further understand the interaction between the dye and the adsorbent material, 

UV-vis spectra of the samples were acquired after the adsorption experiments, measuring 

the optical density by using a Varian Cary 6000i UV-Vis-NIR spectrophotometer. The 

foams, OP and solid MB were grounded and blended with NaCl to obtain discs (11 mm 

diameter and 0.5 mm thickness) by pressing (CrushIR, PIKE Technologies) with a load of 

8 tons, while pure NaCl discs were used for the background correction. 

3.2.6. Water uptake experiments 

The maximum water uptake capacity and the weight loss of the SF and the SFOP 

foams were evaluated by performing water dipping experiments. The foams were 

weighed and placed in a glass vial with 10 mL of Milli-Q® water and kept under constant 

slow stirring for 24 hours at room temperature in order to reach the swelling equilibrium. 

The swollen samples were then drained on filter paper to remove the water excess and 

weighed; the water uptake capacity values (Δms%) were calculated by Equation 3.1, 

𝛥𝑚𝑠% =  
(𝑚𝑠 − 𝑚𝑖)

𝑚𝑖
∙ 100         

(Equation 3.1) 

where ms is the mass of the swollen foam and mi is the initial mass. The swollen samples 

were then dried, and their weights were used to calculate the weight loss (Δm%) by 

Equation 3.2, in which mi is the initial mass and md is the mass of the dried sample. 

𝛥𝑚% =  
(𝑚𝑖 − 𝑚𝑑)

𝑚𝑖
∙ 100          

(Equation 3.2) 

The Δms% and Δm% were calculated as average of the values obtained by repeating the 

water dipping-drying experiments on the same samples for three cycles. 

3.2.7. Adsorption experiments 
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The capacity of the foams to remove pollutants was evaluated through adsorption 

experiments of MB, as model molecule. The adsorption experiments were performed by 

dipping around 10 mg of adsorbent material in 10 mL of MB aqueous solutions with a 

known concentration. The MB solutions were kept under continuous stirring at room 

temperature and aliquots were collected at specific time intervals, ranging from few 

minutes to 24 hours. The dye percentage removal was monitored through UV-Vis 

spectroscopy, measuring the absorbance value at the MB maximum absorption 

wavelength (664 nm). To avoid the absorbance saturation for the experiments with high 

dye concentration, the collected aliquots were further diluted with a known amount of 

water before the analysis. The absorbance values were correlated to the dye concentration 

by means of a linear regression equation (R2 > 0.9983) of the MB calibration curve. In 

particular, the calibration curve was obtained by plotting the absorbance value at 664 nm 

of different aqueous solutions containing MB of known concentrations (ranging from 0.2 

to 4 mg·L-1). The adsorption capacity (Qt) of the adsorbent material was calculated by 

Equation 3.3 

𝑄𝑡 =  
(𝐶𝑖 − 𝐶𝑡)

𝑚
∙ 𝑉         (Equation 3.3) 

where Ci and Ct are the initial concentration and the concentration at the time t of 

the MB aqueous solution (mg·L-1), V is the volume (L) of the MB solution and m is the 

mass (g) of the adsorbent material. The adsorption capacity at the equilibrium (Qe) was 

calculated by Equation 3.3, substituting the Ct with the concentration of the MB aqueous 

solution (mg·L-1) after 24 h of interaction with the adsorbent (Ce). The experimental data 

were analyzed to define the kinetics of MB adsorption, by applying the pseudo-first order 

(Equation 3.4) and the pseudo-second order (Equation 3.5) kinetic models. 

𝑄𝑡 =  𝑄𝑒(1 −  𝑒−𝑘1𝑡)       (Equation 3.4) 

𝑄𝑡 =  
𝑘2𝑄𝑒

2𝑡

1 + 𝑘2𝑄𝑒
2𝑡

         
(Equation 3.5) 
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In these models, Qt (mg·g-1) is the adsorption capacity in time (t), Qe (mg·g-1) is the 

adsorption capacity at the equilibrium and k1 (min-1) and k2 (g·mg-1min-1) are the first-

order and the second-order reaction rate equilibrium constants respectively. 

In order to explore possible interaction mechanisms between the dye and the adsorbents, 

the adsorption data were fitted with the Langmuir and the Freundlich isotherm models, 

in their non-linear forms, as reported in the Equation 3.6 and 3.7. 

𝑄𝑒 =  
𝑄𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1 +  𝐾𝐿𝐶𝑒

 (Equation 3.6) 

𝑄𝑒 =  𝐾𝐹𝐶𝑒

1
𝑛⁄
 (Equation 3.7) 

𝑅𝐿 =  
1

1 +  𝐾𝐿𝐶0

 (Equation 3.8) 

Ce (mg·L-1) is the equilibrium concentration of MB in solution, while and Qe (mg·g-1) and 

Qmax (mg·g-1) are the adsorption capacity (equilibrium amount of MB adsorbed per gram 

of adsorbent) and the maximum adsorption capacity. KL and KF are the constants of the 

Langmuir and the Freundlich models, respectively. The parameters obtained from the 

Langmuir model were used to calculate the equilibrium parameter (RL) by using the 

Equation 3.8. 

3.3. Results and discussion 

3.3.1. Gelation process 

The biopolymer SF is first extracted from the Bombyx mori silkworm cocoons, in 

which represents around 70-85% of the initial cocoon weight[166]. The structure of the B. 

mori silk is schematized in Figure 3.1, in which the fibroin forms the core as two round or 

trilobal filaments, embedded in a sheath formed by sericin. The latter is the second 

prevailing protein in the silk, which forms a glue-like hydrophilic layer around SF 

contributing to the formation of the cocoons. It consists of a group of soluble globular 

proteins with molecular weights ranging from 10 to 310 kDa and it is characterized by 
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rubber-elastic properties. During the SF extraction, the sericin component is removed and 

the remaining solid SF is dissolved obtaining an aqueous solution of pure SF. 

 

Figure 3.1. Raw silk fiber composition, with two fibroin filaments embedded in a sericin sheath and covered 

by a protein coating. 

The particular composition of SF makes it susceptible to the action of external 

stimuli, resulting in the formation of different conformational structures. Specifically, SF 

consists of a heavy chain (Mw ≈ 390 kDa) and a light chain (Mw ≈ 25 kDa), linked together 

by disulfide bonds; and by another fraction (Mw ≈ 27 kDa) which is associated to the 

previous ones by non-covalent bonds[168]. In fact, the composition of the dominant heavy 

chain shows alternating hydrophobic blocks and small hydrophilic segments, which 

confers to SF a natural block-polymer design. The protein can self-assemble from a less-

ordered water soluble form (silk I), composed by random coils and intermediate 

structures such as β-turns or β-bends, into a ordered semi-crystalline structures (silk II), 

mainly formed by β-sheet dispersed into an amorphous matrix[164,168]. The silk II 

conformation is the water insoluble form of the protein, in which the β-sheet crystallites 

act as physical cross-linkers, conferring mechanical enhancement to the silk fibroin 

gels[164,169,170]. Apart from these two conformations, the native silk molecules can form 

another secondary conformation, called silk III, which is assembled with a helical 

structure at air-liquid interfaces[164]. 

As shown in Figure 3.2, after the SF extraction from the silk cocoons, the OP 

particles are mixed with the SF aqueous solution. The silk fibroin-orange peel powder 

(SFOP) alcogel is therefore prepared with the addition of methanol, which induces the 

sol-gel transition of the biopolymer. The organic solvent causes the desolvation of the SF 

molecules starting, thus, the non-solvent induced phase separation. The resulting protein 

gelation process arises from the instauration of inter- and intramolecular interactions 
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between the SF molecules, involving hydrophobic interactions and hydrogen bonds, 

which results in the formation of water-insoluble crystalline β-sheet structures[171]. The 

thermodynamic stability of the β-sheets makes the protein gelation an irreversible 

process[172]. The subsequent removal of the solvent from the SFOP alcogel by means of 

the scCO2 drying allows a fast and effective solvent elimination, preserving the original 

gel nanostructure in the dried SFOP foam. The near zero surface tension effect caused by 

the supercritical CO2 prevents, in fact, the collapsing of the structure during the drying 

process[173,174]. 

 

Figure 3.2. Process for the fabrication of the SFOP foam and detail of the protein gelation process. 

3.3.2. Physiochemical properties of the foams 

3.3.2.1. Morphology and structural characterization 

The morphology and porous structure of the SF and SFOP foams are presented in 

Figure 3.3. The biopolymeric matrix forms a highly porous structure arranged in an 

interconnected network for both types of foams. In the case of the SFOP foam, the OP 

powder is homogeneously distributed in the SF matrix, as confirmed by the EDS mapping 

of calcium (Figure 3.4a), which is one of the chemical elements commonly present in this 

type of agricultural waste[148]. 



 

56 

 

Figure 3.3. HR-SEM images of (a) SF and (b) SFOP foams after the scCO2 drying. The OP particles are 

highlighted in the red ovals. 

Furthermore, the observed morphology for both foams does not change from the 

surface to the bulk (Figure 3.4b,c), in which the bulk porous structure appears similar to 

that on the surface, proving the successful formation of uniform foams during the removal 

of the solvent by scCO2 drying technique. The bio-polymeric matrix is organized in a 

fibrillary network in both samples, showing a looser structure in the presence of OP 

powder. 

 

Figure 3.4. (a) EDS mapping of the calcium (red) from a HR-SEM image of SFOP foam and HR-SEM 

images of (b) SF foam and (c) SFOP foam. 



 

57 

The characterization of the porous structure of the dried samples is evaluated by 

combined nitrogen physisorption and mercury intrusion porosimetry measurements. The 

complementary information obtained by these two methods ensures a comprehensive 

description of the specific surface area and pore size distribution of the foams[175]. The 

nitrogen adsorption/desorption isotherms of the two foams (Figure 3.5a,b) can be 

classified, according to the classification from the international union of pure and applied 

chemistry (IUPAC), as Type IV isotherms, which are typical of materials characterized by 

meso- and macropores[175,176]. In particular, the manifestation of narrow H3 hysteresis 

loops (as identified by IUPAC) is characteristic of nitrogen condensation within the 

mesopore structures associated with restricted slit-shaped pores. The presence of pores in 

the macropore range is instead confirmed by the absence of the plateau in the nitrogen 

isotherms at higher relative pressure[175]. The incorporation of OP particles in the SF 

matrix leads to an increase of the BET specific surface area (SBET) from 13.22 to 174.45 m2·g-

1 and of the total pore volume (Vp), which rises from 0.128 to 1.813 cm3·g-1. As estimated 

from the adsorption branch of the isotherms by the application of the BJH model (Figure 

3.5c,d) the mesopore size distribution appears broad for both foams, while the average 

pore diameter (DP) is centered at around 42.12 and 44.65 nm for SF and SFOP foams 

respectively. 
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Figure 3.5. Nitrogen adsorption/desorption isotherms of (a) SF and (b) SFOP foams and BJH pore size 

distribution of (c) SF and (d) SFOP. 

The pore size distribution of the macropores, which cannot be evaluated by the 

nitrogen physisorption analyses due to their size, has been defined by the MIP 

measurements. From the intrusion/extrusion curves (Figure 3.6a,b), it is possible to 

demonstrate the presence of an interconnected porous system due to a large amount of 

entrapped mercury in the foams after the measurements[177]. The pore size distribution 

of the SF and SFOP foams was calculated in a size range without effects of sample 

compression caused by the increase of pressure to force the mercury intrusion. In fact, the 

difference in the volume that is measured during the compression causes a misreading of 

the porosity, because the compressed pore volume is added to the total pore volume even 

without mercury intrusion in the sample. Besides this aspect, the applied pressure can 

also induce the collapsing of the porous structure during the analysis, and therefore also 

the closed pore volume will concur to the total porosity. To understand when the sample 

is subjected to the effect of compression, it is important to measure its real density. Thanks 

to this parameter, it is possible to calculate the real specific total pore volume (Vd), which 
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is shown in the mercury intrusion curves in Figure 3.6. The measured specific pore volume 

above this value is related to sample compression and therefore it can be excluded from 

the mathematical determination of the pore size. In this way, the pore structure analysis 

is based only on the open macropores, which are accessible to the polluted water during 

the adsorption experiments. In this range, the SF foam exhibits a dense porous structure, 

with pores showing a prevalent pore diameter less than 100 μm (Figure 3.6c). On the other 

hand, the SFOP exhibits a broader pore size distribution, with a pore diameter range from 

300 nm to 100 μm, without an evident effect of pore structure collapse during the 

measurement (Figure 3.6d). The difference in the pore size distribution between the two 

types of foams can be attributed to the incorporation of the OP particles in the SFOP foam. 

In fact, the OP affects the protein gelation due to a physical interference between the 

protein domains during the self-assembling process, resulting in the formation of different 

content of β-sheet structures during the formation of the interconnected porous network 

in the alcogel compared to the SF. 

 

Figure 3.6. Mercury intrusion/extrusion curves of (c) SF and (d) SFOP foam and pore size distribution 

calculated by the mercury intrusion of (e) SF and (f) of SFOP foams. 



 

60 

3.3.2.2. Chemical Characterization and Water Uptake 

The effect on the sol-gel transition of the SF matrix due to the incorporation of the 

OP particles is investigated by performing FTIR and XRD analysis, in order to evaluate 

the variation of crystallinity in the foams and the possible interactions between the 

components. 

The FTIR spectra of the SFOP and SF foams exhibit similar vibrational bands at the same 

wavenumbers, indicating that no chemical interactions occur between the protein and the 

organic filler (Figure 3.7a). In both cases, the broad band at 3283 cm-1 is associated to the 

N-H stretching of the amide A, while the broad signal at 3037 cm-1 is due to the stretching 

vibration of the intramolecular hydrogen bonded N-H group of the amide B. The 

absorption band centered at 1621 cm-1 mainly arises from the C=O stretching vibration of 

the amide I and other minor contributions such as the out-of-phase C-N stretching, CCN 

deformation and N-H bending. The signal at 1514 cm-1 arises from the amide II band, 

which is attributed to the out-of-phase combination of the N-H in-plane bending and the 

C-N stretching. The peak at 1231 cm-1 is the amide III band that originates from the in-

phase combination of the N-H bending and the C-N stretching vibration[178]. 

 

Figure 3.7. (a) FTIR spectra of the foams and of the OP powder and (b) XRD patterns of SFOP and SF foams. 

In the FTIR spectrum of the SFOP foam, the identification of the OP absorption 

peaks is challenging because most of them occur at similar wavenumbers as the ones of 

the SF (Table 3.1 summarizes the vibrational assignments of OP). The only clear spectral 
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contribution of the filler can be observed at 1010 cm-1 (highlighted by a continuous line in 

Figure 3.7a), where lies the strong broad absorption band attributed to the C-O-C 

stretching of the polysaccharides, part of the OP components[179]. 

Table 3.1. Vibrational assignments of the amide I region of the SF matrix and of the OP powder. 
SF (amide I vibrations) OP particles 

Wavenumber (cm-1) Secondary Structure assignment Wavenumber (cm-1) Assignment 

1620 Intermolecular β-sheet (strong) 3320 O-H stretching 

1633 Intramolecular β-sheet (strong) 2925-2856 C-H asym. And sym. stretching 

1645 Random coils / extended chains 1736 C=O stretching 

1651 Random coils 1645-1608 C=C stretch. (conjugate alkene) 

1659 α-helix 1521 C=C ring stretching (lignin) 

1668-1682 Turns 1418-1362 C-H bending 

1698 Intermolecular β-sheet (weak) 1096-1048-1010 C-O-C stretch. (polysaccharides) 

FTIR analysis is also used to quantify the amount of secondary structures in the SF 

matrix to determine how the OP filler affects the crystallinity of the SF. Specifically, the 

quantification is based on the analysis of the broad amide I region, which is often used to 

study the composition of secondary structures of the SF protein[165,180], due to its 

sensitivity to the strength of hydrogen bonds involved in the protein self-

arrangements[180]. Since the amide I band has a characteristic broadness, the 

quantification of the different contributions of the secondary structures is obtained by 

applying the spectral deconvolution to this peak[181] (Figure 3.8). In Table 3.1, the 

vibrational assignments of the SF secondary structure contributions in the amide I are 

listed. As shown they are composed of β-sheets, random coils, α-helices, turns and side 

chains. For both foams, β-sheet secondary structures are prevalent, as expected due to the 

methanol treatment necessary for the gelation of the protein solution[171,182]. However, 

the presence of the organic filler in the SFOP foam causes a statistical increase of the 

contribution of both random coils and turn structures (from 23% and 22% to 28% and 26%, 

respectively), which are compensated by a decrease in β-sheets contribution (from 41% to 

34%), whereas the content of α-helices and side chains does not significantly change. XRD 

diffraction patterns of the SF and the SFOP foams exhibit a prevalent highly ordered 

structure (Figure 3.7b). In both foams, the most intense peak at 20.6° is typical of the silk 
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II conformation, characterized by highly ordered crystalline intra-hydrogen-bonded β-

sheet structures, and corresponds to a crystalline spacing of 4.3 Å[170]. The peak at 24.2° 

is one of the main diffraction peaks attributed to the silk I form, from less ordered 

crystalline β-sheet structures with a crystalline spacing of 3.7 Å[170,183]. The diffraction 

profile of the SFOP foam shows some additional weak peaks characteristic of the silk I 

conformation at diffraction angles of 12.2° and 19.7° (crystalline spacing of 7.4 and 4.5 

Å)[183], which are also associated to the less ordered β-strand structures[170]. This can be 

attributed to the presence of the OP filler, which influences the self-assembly into β-sheet 

crystallites during the protein gelation, causing an increase of the less ordered content. 

Furthermore, it is possible to observe two additional diffraction peaks at 15.7° ad 22.6° 

attributable to the crystalline forms of the cellulose, which is one of the main components 

of the OP powder[184]. 

 

Figure 3.8. Deconvoluted FTIR spectra of the amide I region for (a) SF and (b) SFOP foams. The black curve 

represents the original FTIR spectrum while the dotted one is the spectral fit. The colored curves are the 11 

secondary structure contributions and they are marked as random coils (R), β-sheets (B), α-helices (A), turns 

(T) and side chains (S). Sum of the percentage content of the secondary structure contributions to the amide 

I band are shown as insets. 

Therefore, as previously observed in the XRD patterns, the crystallinity in the 

biocomposite material seems to be affected by the presence of OP, which causes a decrease 

in the highly ordered crystalline content. Although the content of less ordered secondary 

structures, typical of the silk I conformation, increases when the OP is incorporated in the 
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SF matrix, the overall structural stability of the foam is not compromised, as can be 

observed from the water dipping experiments. 

The weight loss (Δm%) and the water uptake (Δms%) values measured from the 

water dipping experiments are useful parameters for the development of materials 

suitable for adsorption processes. After three water uptake cycles, the mean Δm% 

calculated is very low for both types of foams, 1.0 ± 0.4% and 5.0 ± 2.6% for SF and SFOP 

respectively, confirming their good structural stability. The higher Δm% value, for the 

composite foam, can be mainly attributed to the OP not perfectly embedded in the SF 

matrix, which is released in the water upon the foam swelling during the first water 

uptake cycle. Furthermore, the incorporation of OP in the foam leads to a significant 

increment of the mean Δms%, from 61.0 ± 2.6% to 78.0 ± 0.6% as calculated for three 

successive water uptake cycles. The water diffusion is therefore facilitated in the SFOP 

porous structure, due to the incorporation of the OP filler, which results in a more 

hydrophilic environment. This is attributed to the hydrophilic components of the OP filler 

and the lower crystallinity of the SFOP foam. In fact, the decrease of hydrophobic β-sheet 

content induces a higher exposition of the more hydrophilic aminoacidic domains 

expressed in the N- and C-termini and the spacer regions[183,185]. 

3.3.3. Adsorption performance 

3.3.3.1. Definition of the optimal experimental conditions 

The adsorption performance of the prepared biocomposite foam is studied 

towards the removal of MB, which is a blue cationic thiazine dye widely used in textile, 

paper and plastic industries. Since the composition of certain industrial wastewater can 

greatly vary based on the processing manufactory, the presence of dyes in their 

composition has been reported to range from low to extremely high concentration 

values[186]. The good water solubility of synthetic dyes together with the, frequently, 

ineffective wastewater treatments results in their persistence at low concentrations in 

water resources[51]. The MB is often used as a model molecule for the evaluation of the 
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adsorption performance of developed materials and therefore of the water treatment 

efficacy. The ability of the biocomposite foam to adsorb MB was studied under the effect 

of different pH values of the dye aqueous solution and of the contact time between the 

dye and the adsorbent. Figure 3.9a shows the dependence of the MB adsorption capacity 

on different initial pH values in the case of the SFOP foam and its components, SF foam 

and OP particles. As expected, in the case of solely OP powder, the increase of the pH 

from 2 to 8 causes a significant enhancement of the MB adsorption capacity, attributed to 

the electrostatic attraction between the OP negative charged groups[187] and the cationic 

dye. Conversely, concerning the SF foam, the MB adsorption capacity slightly increases 

with the increase of the pH, while after pH 7, the dye adsorption capacity does not 

significantly change. This is also the case for the SFOP foam, although the effect is here 

more evident. Compared to the SF foam behavior, the more intense increase in the 

adsorption capacity of the SFOP at higher pH values can be attributed to the combination 

of the SF with the OP powder. Specifically, the SFOP foam establishes mainly 

hydrophobic interactions between the SF bio-polymeric crystalline β-sheet structures and 

the MB hydrophobic aromatic group. The further increase of the MB adsorption in SFOP 

foam for pH higher than 5 can be attributed to the contribution of the electrostatic 

interactions to the hydrophobic ones in the overall adsorption process. At pH values 

above 5, the protein is also able to establish electrostatic interactions with the positively 

charged dye, due to its net negative charge (isoelectric point of 4.03)[171,188]. Considering 

the marginal improvement of the MB adsorption capacity for basic pH, the following 

adsorption experiments were conducted at neutral pH. 

Figure 3.9b compares the normalized MB adsorption capacity (Qt) of the SFOP 

composite foam with the one of the SF foam and the OP powder at different contact times 

with the dye aqueous solution (Ci = 5 mg∙L-1). The suspension of OP particles exhibits a 

fast MB adsorption rate thanks to the availability and accessibility of the active adsorption 

sites on the adsorbent surface. The equilibrium is reached after 15 min, time that does not 

significantly change if other initial dye concentrations are tested. 
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Figure 3.9. Effect of (a) the pH on the MB adsorption capacity (Ci = 50 mg∙L-1) after 24 hours of contact 

between the dye and the adsorbents and of (b) the contact time on the normalized adsorption capacity for MB 

(Ci = 5 mg∙L-1). 

In the case of foams, the MB adsorption process is slower, due to the time needed 

for the MB aqueous solution to diffuse into the solid porous material. For both types of 

foams, the Qt rises with the increase of the contact time and the equilibrium conditions are 

almost reached after 5 h. In order to assure that the samples reach the real equilibrium 

conditions, the contact time was set at 24 h in the following adsorption experiments. 

Although the bare OP powder shows faster dye absorption compared to the foams, it has 

to be taken into account that OP requires extra steps to be recovered after the adsorption 

process. On the other hand, the utilization of a stable solid material provides a practical 

alternative to avoid time-consuming separation steps. 

3.3.3.2. Definition of the maximum adsorption capacity 

The adsorption isotherms for both foams and the OP filler are shown in Figure 

3.10, which summarizes the effect of different initial MB concentrations on the adsorption 

capacity at the equilibrium condition (Qe). As demonstrated in all cases, the increase of 

the initial MB concentration causes the Qe increase until, at a specific MB concentration in 

each case, a plateau is reached. This indicates that above this MB concentration no further 

improvement on the Qt is observed, and this value is defined as the maximum adsorption 

capacity (Qmax). In fact, higher initial MB concentrations lead to an increase of the MB dye 
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mass transfer in the adsorbents and, therefore, a higher adsorption capacity can be 

reached due to the enhanced possibility of interaction between the MB molecules and the 

adsorbent active sites[189–191]. The Qmax is succeeded when all the active sites of the 

adsorbents are occupied and consequently the material cannot adsorb further pollutant 

molecules. 

 

Figure 3.10. Effect of the initial MB concentration on the Qe after a contact time of 24 h for (a) the SFOP 

and the SF foams and for (b) the OP in powder form. 

As shown in Figure 3.10a, the Qe of the SFOP foam is significantly higher 

compared to the SF foam indicating that the incorporation of the OP filler induces an 

improvement in its adsorption performance. In particular, for the SFOP foam, a Qmax of 

113.8 ± 12.5 mg·g-1 is reached for dye concentrations higher than 200 mg·L-1. Contrarily, 

the Qe of the SF foam increases as the initial MB concentration rises from 2 to 20 mg·L-1, 

and then the plateau is reached with a Qmax of 21.8 ± 1.2 mg·g-1.  

The incorporation of the organic filler offers to the SFOP foam a higher number of 

available active sites, which are saturated at higher MB concentrations. In fact, in the case 

of the OP powder (Figure 3.10b) the Qmax reached is 297.7 ± 29 mg·g-1, at MB concentrations 

higher than 1400 mg·L-1. This is in the same range with values reported in previous works 

on the MB sorption by OP waste powder, in which the reported theoretical maximum MB 

adsorption capacities are 218 and 246 mg·g-1 at neutral pH[53,187]. The different values 

reported for the same sorbent could be attributed to the different particle sizes and thus 

to the different surface areas of the OP powders used. In particular, the powder utilized 



 

67 

in this work has a much higher surface area due to the significantly lower particle size 

(average particle size of 16.4 ± 9.5 μm) compared to the one used in both studies referred 

above (powder size ranging from 1.2 to 2 mm and less than 0.5 mm, respectively).  

In this work, the Qmax values of the OP powder when incorporated in the solid 

SFOP foam and of bare are rather comparable (219.8 ± 10.2 mg·g-1 for OP in SF and 297.7 

± 29 mg·g-1 for the bare OP, if considering that the OP amount is 50 %w/w of the composite 

foam), demonstrating that the OP activity is well preserved in the polymer matrix. The 

slightly lower Qmax for the solid material can be attributed to a lower amount of active sites 

of the embedded OP that are accessible to MB. Nonetheless, the obtained value is 

comparable with those reported in other studies based on the adsorption of MB on 

unconventional low-cost adsorbents obtained from agricultural by-products, without 

further chemical modification, such as grass waste, pomelo peel,[192] garlic straw,[193] 

maize silk,[194] etc.  

3.3.4. Adsorption mechanism 

3.3.4.1. Kinetics studies 

To understand the adsorption mechanism of the MB molecules on the SFOP 

biocomposite foam, the experimental data were investigated by evaluating the adsorption 

kinetics. Regarding the kinetics studies, the parameters calculated from the data fitting 

with the pseudo-first and pseudo-second order kinetic models are shown in Table 3.2. The 

accuracies of the pseudo-first and pseudo-second fits are deduced by considering the 

better consistency of the equilibrium adsorption capacity (Qe) and by the higher 

correlation coefficient (R2) achieved[55,194]. 

It is possible to observe that, in the case of the SFOP, at a low initial MB concentration (5 

mg∙L-1) the pseudo-first order kinetics model fits better the adsorption data compared to 

the case where the initial dye concentration is higher (50 mg∙L-1). In the latter case, the 

obtained data are well fitted by the pseudo-second order model (Figure 3.11). 
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Figure 3.11. The non-linear fitting curves of the MB adsorption on the SFOP foam by pseudo-first and 

pseudo-second order models for an initial MB concentration of (a) 5 mg·L-1 and (b) 50 mg·L-1. 

Specifically, at low initial MB concentrations, the value of the calculated 

adsorption capacity at the equilibrium condition (Qe(calc)) obtained by applying the pseudo-

first order model better reflects the experimental ones (Qe(exp)) and, moreover, the R2 value 

is higher than the ones calculated from the pseudo-second order model (0.9894 and 0.9864 

respectively). Conversely, for higher initial dye concentrations, the Qe(calc) value obtained 

from the pseudo-second order equation is closer to that of Qe(exp) than the one of the 

pseudo-first order fitting, and the R2 shows the higher value (0.9980 instead of 0.9812 for 

the pseudo-first order fit). Considering the SF foam, for all the initial MB concentrations 

tested, the adsorption performance is better described by the pseudo-first order model. 

Conversely, in the case of the bare OP powder, the adsorption performance is better 

described by the pseudo-second order model. Therefore, considering these observations, 

the dominant adsorption process of MB on the SFOP foam at low dye initial 

concentrations, is governed by the presence of the biopolymer and seems to be diffusion-

controlled, which is well explained by a pseudo-first order rate law. On the other hand, at 

higher dye concentrations, the presence of the OP organic filler induces an MB adsorption 

which seems to be controlled by the adsorption reaction between the dye and the 

adsorbent[55,195,196]. 
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Table 3.2. Results obtained from the non-linear fitting of the experimental adsorption data by using the 

pseudo-first and pseudo-second order models. 

   Pseudo-first-order kinetic 

model 

Pseudo-second-order kinetic model 

Samples C0 (mg·L-

1) 

Qe(exp) 

(mg·g-1) 

Qe(calc) 

(mg·g-1) 
k1 (min-1) R2 

Qe(calc) 

(mg·g-1) 

K2  

(g·mg-1·min-1) 
R2 

SFOP foam 
5 4.54 4.99 0.029 0.9894 5.99 0.0055 0.9864 

50 39.70 37.51 0.012 0.9812 47.43 0.00025 0.9980 

SF foam 
5 4.37 4.22 0.027 0.9979 5.05 0.0052 0.9968 

50 16.34 16.19 0.014 0.9879 18 0.001 0.9820 

OP 
5 1.58 1.56 0.54 0.4273 1.58 1.63 0.9184 

50 30.31 29.03 0.14 0.5495 29.89 0.013 0.8403 

3.3.4.2. Adsorption isotherms 

The Langmuir and Freundlich isotherm models are applied to fit the equilibrium 

adsorption data in order to explore the interactions between the dye and the adsorbents 

and to estimate the maximum theoretical adsorption capacity (Qmax (theor))[53,55,196]. The 

parameters derived from the fitting of the data using the non-linear forms of the isotherm 

models are shown in Table 3.3. 

Table 3.3. Parameters calculated from the fitting of the equilibrium data by using the non-linear form of the 

Langmuir and Freundlich adsorption isotherms. 
  Langmuir isotherm Freundlich isotherm 

Samples 

Qmax (exp) 

(mg·g-1) 

Qmax (theor) 

(mg·g-1) 

KL 

(L·mg-1) 

R2 n 

KF 

(L·g-1) 

R2 

SFOP foam 113.8 111.2 0.034 0.9683 3.785 17.306 0.8817 

SF foam 21.81 22.61 0.7675 0.8546 5.212 9.791 0.6659 

OP 302.8 383.6 0.003 0.9944 2.053 9.494 0.9866 

In all the cases, the Langmuir model fits better the experimental data compared to 

the Freundlich model (Figure 3.12), as can be also observed from the higher R2 values. 

This indicates that the MB adsorption process occurs onto a homogeneous surface, where 
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all the active sites have a similar affinity with the dye. In such case, the MB is distributed 

forming a monolayer on the homogeneous surface, rather than the formation of several 

monolayers on an inhomogeneous surface in which the active sites show different affinity 

towards the dye[53,197], which would be better described by the Freundlich isotherm 

model. The theoretical maximum adsorption capacity (Qmax (theor)) values obtained by the 

Langmuir isotherm fitting are quite similar to the experimental values (Qmax (exp)) 

confirming the validity of the model. 

 

Figure 3.12. The non-linear fitting curves of MB adsorption on (a) the SFOP foam, (b) the SF foam and (c) 

the OP by Langmuir and Freundlich isotherm models (295.15 ± 1 K). The fittings are performed by using 

the Origin software. 

The dimensionless constant (RL) calculated from the parameter obtained with the 

Langmuir isotherm is an equilibrium parameter called separation factor, which can be 

used to define whether a process is favorable[151,198]. For all the adsorbents, the RL values 

are 0 < RL < 1, confirming that the MB adsorption on the adsorbent materials is favorable 

(0.014, 0.009 and 0.144 for SFOP foam, SF foam and OP powder, respectively). 

3.3.4.3. Spectroscopic studies 

To confirm the adsorption of the dye molecules on the adsorbent surface as a 

mono- or multilayer, the UV-vis spectra of the adsorbent samples are acquired. In the 

liquid state, the MB molecules are prevalently in the form of monomers, in which the main 

absorption band, centered at around 664 nm, corresponds to n-π* transitions, 

characterized by a shoulder at 610 nm that arises from the vibrational ground states to the 

excited states 0-1 transition. After the MB adsorption takes place, the absorption spectra 
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of the adsorbent materials are recorded as described in the experimental section (chapter 

3.2.5). As shown in Figure 3.13a (pink curve), when the MB adsorption occurs on the SF 

foam, a broad band attributable to the formation of MB trimers and higher aggregates 

appears at around 590 nm, while the typical band of the MB monomers is evident at 

around 670 nm[199]. Comparing the contributions of the signals on the final SF foam 

spectrum, it is possible to conclude that the majority of the adsorbed MB molecules are 

forming aggregates on the foam surface, while the MB monomer content is suppressed, 

indicating that the MB-MB molecular interactions are more favorable compared to the 

MB-surface interactions[199,200]. Similar behavior can be also observed in the case of MB 

molecules adsorbed on the surface of OP bare powder (orange curve in Figure 3.13a.). 

Specifically, the dye absorption band is centered around 607 nm, due to the prevalence of 

MB dimers[200], while the characteristic MB monomer band is shifted at 675 nm. The 

higher relative intensity of the MB monomer band with respect to the SF foam one, 

suggests that OP powder surface possibly promotes interaction with the dye in monomer 

form finer than the one established with the surface of the SF foam, thanks to its particular 

chemical composition. Alternatively, when the adsorption process takes place on the 

SFOP foam, the dye molecules are adsorbed on the foam surface mainly in the form of 

monomers as evident from the absorption bands at 620 and 685 nm (Figure 3.13a, black 

curve)[199], confirming the more favorable MB-surface interaction in this case. In 

addition, the red shift of the prevalent monomer absorption compared to the SF foam (685 

nm for SFOP instead of 670 nm for the SF) indicates that the environment is more polar, 

resulting in a more favorable interaction between the dye and the SFOP foam[200]. 

The interaction established between the dye and the bare OP powder was further 

investigated by recording the FTIR spectrum of the filler before and after the MB 

adsorption experiment (Figure 3.13b). The MB adsorption on the OP surface causes a shift 

of the broad band attributed to the hydrogen-bonded OH groups from 3297 to 3316 cm-1. 

Moreover, the bands at 1736 and 1010 cm-1, which are associated with the C=O and C-O 

stretching vibrations, are shifted to higher wavenumbers, at 1744 and 1017 cm-1, 

respectively. The increase of the signal intensity at 1594 cm-1 is caused by the C=C 
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stretching of the MB aromatic ring vibrations. The observed shifts towards higher 

wavenumbers of the main vibrational modes can be attributed to the weakening of the 

hydrogen bond interactions in the OP due to the presence of MB on its surface. 

 

Figure 3.13. (a) Absorption spectra of SFOP and SF foams and of OP powder after the MB adsorption. The 

highlighted spectral range indicates the region of the MB monomer absorption band. (b) FTIR spectra of OP 

before and after the MB adsorption. 

To sum up, the incorporation of the OP filler in the SFOP foam significantly affects 

the MB adsorption performance, by remarkably increasing the Qmax due to the 

combination of the higher polluted water uptake and the more favorable MB-surface 

interactions. The bio-composite adsorbent can be partially regenerated in acidic solution 

at pH 2, where the MB molecules adsorbed via electrostatic interactions on the exposed 

OP component can be desorbed[187]. Although the desorption process still needs to be 

explored in detail, the main advantage of the prepared bio-composite is the simple 

combination of two waste products, which results in a highly porous adsorbent that can 

be easily handled and disposed of after the MB remediation process. 
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3.4. Concluding remarks 

In conclusion, a fully bio-based natural porous composite is prepared by a simple 

approach resulting in the successful incorporation of OP agro-waste particles in a 

polymeric matrix. The presence of OP affects the physio-chemical properties of the SF 

matrix, by influencing the final foam morphology and crystallinity, as well as by 

promoting a more polar environment. The stable and highly porous biocomposite foam 

present an MB maximum adsorption capacity which is significantly higher than the one 

reached with the pure SF foam. The MB adsorption on the SFOP foam is facilitated by 

both electrostatic and hydrophobic interactions and it occurs by the formation of a 

monolayer onto the adsorbent surface, as suggested by applying the Langmuir isotherm 

model. The kinetics of the adsorption process is described by a pseudo-second order 

kinetics model and the MB molecules are prevalently adsorbed in their monomer form. 

The immobilization of the powder in the porous matrix can outweigh the marginally 

lower adsorption capacity compared to the one obtained with the same amount of OP 

because of the derived improvements, such as the handling of a solid adsorbent without 

further expensive and time-consuming processes for the recovering of the particles. With 

the present work, the utilization of OP waste as a component of a highly porous bio-

composite foam opens up the possibility to valorize the functionalities of this agro-waste 

without compromising its usability, resulting in a promising material for water 

remediation processes. 
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Chapter 4 

ZnO based porous composite materials for 

heterogeneous photocatalysis 

 

4.1. Introduction 

The growing demand for clean water urges the improvement of the commonly 

used treatments for the wastewater management[27]. In case of emerging and recalcitrant 

pollutants, advanced oxidation processes (AOPs) are employed to ideally destroy organic 

pollutants from the contaminated water, thanks to the in-situ production of strong oxidant 

species, induced by solar, chemical or other forms of energy[31,56,63,201]. 

As already discussed in Chapter 1, heterogeneous photocatalytic oxidation is one 

of the most promising AOPs for oxidizing organic pollutants into more biodegradable 

and less harmful compounds[63]. Typically, wide band gap, nano or micro-scale sized 

semiconductors, are used as photocatalysts able to absorb incident photons causing the 

subsequent formation of a conduction-band electron and a valence-band hole. The photo-

excited carriers can generate hydroxyl radicals and other reactive oxygen species (ROS), 

which react with the organic molecules in the contaminated water causing their 

degradation, through an eco-compatible process since the oxidation occurs in mild 

conditions [5]. The semiconductor particles are usually dispersed in the contaminated 

water to ensure a high exposed surface area in contact with the pollutants and therefore, 

a high volumetric generation rate of ROS. However, the main limitation in their use for 

water remediation applications is the demand of energy and time consuming additional 

steps for their recovery from the treated water. To avoid these post-treatment steps, the 

photo-catalyst powders can be immobilized on suitable solid supports [9,10]. To this aim, 
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polymeric supports have been recently introduced due to their low-weight, flexibility and 

their easy conversion in different morphologies [11–16]. In particular, fibrous polymeric 

mats are porous materials characterized by superior mechanical properties[86] and by 

high surface to volume ratio, which allows higher contact surface with the polluted water. 

Furthermore, their preparation process through the electrospinning technique is relatively 

simple and easily scaled up [9,17]. The electrospun mats could be also used to prepare 

multifunctional membranes, in which the photocatalytic activity of the fixed catalysts is 

combined with the filtration process. 

The incorporation of the active filler inside the fibrous mats can easily occur by the 

in-situ conversion of the catalyst precursor salt loaded in the electrospun fibers, resulting 

in the synthesis of NPs directly inside the porous polymeric matrix. Compared to 

traditional mixing processes, the in-situ synthetic strategy offers the advantageous 

formation of NPs homogeneously distributed not only in the whole volume of the fiber, 

but also exposed on its surface. Furthermore, limitations such as the complex rheology of 

polymer/NPs solutions which can limit the electrospinning process and, thus, the 

formation of fibrous nanocomposites, can be avoided[78,122]. 

Among the diverse types of NPs developed so far following this 

approach[78,122,202], zinc oxide (ZnO) based nanocomposite mats are a promising 

system for the water remediation through the photocatalytic approach. In fact, ZnO is of 

great interest not only because it is environmental friendly, non-toxic, low-cost and 

abundant, but also because of its optoelectronic properties[114,203–206]. In particular, the 

n-type ZnO is a direct wide band gap semiconductor (Eg = 3.37 eV), characterized by a 

high exciton binding energy (60 meV) which allows efficient excitonic emission even at 

room temperature[207]. However, due to the high photo-generated electron-hole pair 

recombination, the photocatalytic performance and, therefore, the utilization of the ZnO 

in wastewater purification can be limited. For this reason, the enhancement of the 

separated electron-hole lifetime is one of the factors on which the efforts are focused in 

order to improve the ZnO photocatalytic performance[208–210]. This aspect can be 

achieved through various methods, such as the modification of the morphology of the 
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ZnO nanostructures[204,211], the incorporation of metallic[212,213] and non-metallic 

dopants[214] in their crystalline structure, and the preparation of hybridized structures 

with other materials[203,204,215,216].  

Concerning the last method, the combination of ZnO NPs with noble metal NPs 

has been recently considered an effective route to enhance the local density of states at the 

metal-semiconductor interface, prolonging thus the electron-hole separation 

lifetime[203,215]. Specifically, the use of Au NPs to modify the ZnO surface has improved 

the photocatalytic performance of the semiconductor due to the surface plasmonic 

resonance effect and to the establishment of the Schottky junctions. The combination with 

Au NPs improves therefore the utilization of the solar spectrum and simplifies the charge 

carrier separation, resulting in the increasing the ROS generation [217,218]. 

Considering the above, PMMA/ZnO composite mats are developed following the 

in situ synthesis approach and the effect of the modification of the photo-active ZnO with 

noble metal NPs is studied, evaluating their photocatalytic performance on the removal 

of organic pollutants from water. Specifically, ZnO NPs are synthetized by a thermally 

induced solid state reaction directly in the electrospun polymeric fibers, obtaining an 

easily handled flexible solid porous material. The addition of Au NPs on the PMMA/ZnO 

composite mats is performed by using two fabrication routes. In the first case, the gold 

precursor is directly added to the polymer/zinc precursor salt solution before the 

electrospinning process and the Au NPs are then synthetized directly in the polymeric 

fibers, together with the ZnO NPs formation. In the second case, the Au/ ZnO hybrid 

structures are formed by a dip-coating process of the PMMA/ZnO composite mats in the 

gold precursor solution and the subsequent thermal treatment of the samples results in 

the direct formation of Au NPs in the surface of the fibers and, therefore, on the exposed 

ZnO NPs. By comparing the performance of both types of composite mats, the one with 

the best performance was chosen for a further study on the photocatalytic performance 

upon UV light irradiation for the degradation of MB and of the emerging pollutant 

bisphenol A (BPA). In particular, among the two approaches for the addition of Au NPs, 

only the dip-coating process allows the formation of exposed Au/ZnO hybrid structures, 
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characterized by a high active metal-semiconductor interfacial area. For this specific 

PMMA/ZnO-Au nanocomposite mat, the amount, size and localization of the formed Au 

NPs for different gold precursor concentrations have been correlated to their 

photocatalytic performance.  

The reported straightforward fabrication method ensures the formation of light-

weight and flexible polymeric fiber mats of high surface area with high level of 

immobilized active catalysts for photocatalytic applications. This valuable alternative to 

the existing systems for the incorporation of active nanomaterials represents an 

innovative route for the fabrication of multifunctional membranes for advanced water 

treatments, without requiring costly and time consuming post treatment processes as in 

the case of the separation of suspended powders from the treated water. 

4.2. Experimental methods 

4.2.1. Materials 

Poly(methyl methacrylate) (PMMA, average Mw ~ 350 kDa), zinc acetate 

dihydrate (Zn(CH3CO2)2∙2H2O 99,999%), N,N- Dimethylformamide (DMF, ≥99.8%), 

chloroauric acid trihydrate (HAuCl4∙3H2O, 99.999%), methylene blue (MB), bysphenol A 

(BPA, ≥99%), acetone (≥99.5%), ethanol (EtOH, ≥99.8%), sodium hydroxide (NaOH, ≥98%, 

anhydrous), hydrochloridric acid (HCl, 37%) and nitric acid (HNO3, 70%), were 

purchased by Sigma Aldrich. All chemicals were used without any further purification. 

4.2.2. Preparation of PMMA/ZnO composite mats 

The nanocomposite fibers were prepared following a preparation procedure 

described elsewhere[122]. In brief, 1.5 g of PMMA were added in 10 mL of DMF and left 

under stirring at 50 °C until the complete dissolution of the polymer. Then, 1.1 g (c.a. 40 

%wt) of Zn(CH3CO2)2 were added to the polymer solution and stirred at 40 °C, until a 

clear solution is obtained. The electrospun fibers were prepared by means of 

electrospinning in a vertical setup, obtaining the PMMA/Zn(CH3CO2)2 composite mats. 
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The prepared solution was placed in a 10 mL syringe with a 22G needle and the flow rate 

was set to 600 μL∙h-1. The voltage applied to the syringe needle was 23 kV and the 

grounded collector was kept at a distance of 16 cm from the needle. To remove the 

eventual residual solvent, the electrospun fibers were dried for 8 h under dynamic 

vacuum. The in-situ growth of the ZnO NPs on the electrospun mats was then achieved 

by placing the electrospun composite mats in a convection oven for 48 h at 110 °C, 

inducing the thermal decomposition of the incorporated zinc salt. The obtained 

PMMA/ZnO composite mats were then washed in 10 mL of a H2O/EtOH mixture (8:2 

v/v) for 24 h and dried at 60 °C for 4 h. As defined by ICP-OES, the total zinc loss during 

this washing step is around 1.17 ± 0.16%wt of the total zinc. This can be attributed either 

to the loss of ZnO NPs not perfectly fixed on the surface of the fibers, or, also, to the water-

soluble zinc acetate, which was not fully converted during the synthesis. 

4.2.3. Preparation of PMMA/ZnO-Au composite mats by in-situ 

reduction 

The nanocomposite fibers were prepared dissolving 1.5 g of PMMA in 10 mL of 

DMF, then 1.1 g (c.a. 40 %wt) of Zn(CH3CO2)2 and 0.0066 g (c.a. 1 %wt of Au NPs with 

respect to ZnO NPs) of HAuCl4∙3H2O were added to the polymer solution and stirred at 

40 °C, until a clear solution is obtained. The electrospun fibers were prepared by the same 

procedure described above and the in-situ reduction of Au NPs was achieved during the 

thermal decomposition of the incorporated precursors, simultaneously to the formation 

of the ZnO NPs. The sample was identified as PMMA/ZnO-Au_In. 

4.2.4. Preparation of PMMA/ZnO-Au composite mats by dip-coating 

process 

Three PMMA/ZnO composite mats (40 mg each), prepared as described in section 

4.2.2, were dipped in 20 mL of a H2O/EtOH mixture (8:2 v/v) of HAuCl4∙3H2O for 24 h in 

dark under gentle stirring. The gold precursor solution was previously neutralized to pH 

6.5 by using an aqueous solution of NaOH 0.1 M. Different initial concentration of the 

aqueous based HAuCl4 3H2O solution was tested (1.5 mM, 3 mM and 4.6 mM) to explore 
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the effect of the different amount of Au to the photocatalytic performance of the 

PMMA/ZnO-Au mats. The composite mats were then collected and washed three times 

with water. The reduction of the gold ions was obtained by the subsequent thermal 

treatment of the samples at 60 °C for 4 h, obtaining three PMMA/ZnO-Au_Ex mats named 

PMMA/ZnO-Au1, PMMA/ZnO-Au3 and PMMA/ZnO-Au6, respectively. Each sample 

was then divided in four similar pieces of 10 mg each for further analysis. 

4.2.5. Characterization 

The fibers morphology was investigated by a scanning electron microscope (SEM, 

JEOL JSM 6490LA) and a high-resolution scanning electron microscope (HR-SEM, JEOL 

JSM 7500FA), which is equipped with a cold field emission gun applying an accelerating 

voltage of 15 kV. The specimens were previously coated with 10 nm thick carbon layer by 

a carbon coater (Emitech K950X, Quorum Technologies Ltd). The morphology of the ZnO 

and Au NPs in the composite mats were investigated by a transmission electron 

microscope (TEM, Jeol JEM 1400 Plus) operating at an acceleration voltage of 120 kV. To 

do so, the polymeric fibers were dissolved in acetone and the suspension was sonicated 

and centrifuged in order to separate the NPs from the polymer. Then, 30 μL of the 

suspension were deposited on a copper grid (CF300-Cu-UL) for further investigation. 

High angle annular dark-field scanning TEM (HAADF-STEM) images and energy 

dispersive X-ray spectroscopy (EDS) maps were acquired with a high-resolution FEI 

Tecnai G2 F20 equipped with a Schottky field emission gun (FEG). The average size and 

the size distribution of the fibers and NPs were explored using the Fiji/ImageJ software.  

The X-ray diffraction (XRD) analysis was performed on a PANalytical Empyrean 

X-ray diffractometer with 1.8kW CuKα ceramic X-ray tube (λ = 1.5418 Å), PIXcel3D area 

detector (2×2 mm2) and operating at 45 kV and 40 mA. The diffractograms were recorded 

in parallel-beam geometry and symmetric reflection mode, for 2θ range from 25° to 80°, 

with a step time of 383.67 sec and step size 0.026°. The average crystallite size was 

calculated by using the Debye-Scherrer equation (as descripted in section 4.2.6). The zinc 

and the gold content in the composite mats was obtained by ICP-OES analysis (iCAP 6300, 

Thermo) of the digested solid samples. Specifically, 2.5 mL of aqua regia (HCl/HNO3, 3:1) 
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were added to 2.5 mg of the composite fibers and the solid degradation reaction was 

performed by using a microwave digestion system (MARS Xpress, CEM) at 180 °C for 15 

min. The samples were then diluted with milliQ water up to 50 mL and filtered through 

polytetrafluoroethylene (PTFE) syringe filters (diameter 15 mm, pore size 0.45 μm, 

Sartorius).  

The optical properties of the nanocomposite fibers were evaluated by diffuse-

reflectance measurements in the range between 200 – 800 nm, using a Varian Cary 6000i 

(Agilent) UV-visible-NIR spectrophotometer equipped with integrating sphere. The 

energy bandgap of ZnO and ZnO/Au NPs was then extrapolated by applying the 

Kubelka-Munk method to the reflectance results (see section 4.2.7). The Raman spectra of 

the composite mats were acquired by a Raman LabRam HR800 (Horiba Jobin-Yvon) 

spectrometer equipped with a built-in microscope with objectives 10X (NA 0.25) and 50X 

(NA 0.75), using the 632.8 nm He-Ne laser excitation. The experimental setup consists of 

a grating 600 lines∙mm−1 with a spectral resolution of approximately 1 cm−1. 

4.2.6. Crystallite size approximation by Debye-Scherrer equation 

The crystallite size was estimated by using the Debye-Scherrer equation (Equation 4.1), 

𝐷ℎ𝑘𝑙 =  
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃ℎ𝑘𝑙
 (Equation 4.1) 

where Dhkl is the crystallite size (nm), K is a dimensionless factor referred to the crystallite 

shape, λ is the wavelength of the target ( 0.15406 nm for Cu), β is the Full-Width-Half-

Maximum (FWHM) of the diffraction peak (rad) and θhkl is the diffraction peak angle. The 

presented crystallite sizes is the mean value obtained by the Dhkl values calculated from 

the three main diffraction peaks of the ZnO wurtzite phase at 31.8°, 34.3° and 36.1°. 

4.2.7. Band gap energy extrapolation by Kubelka-Munk method 

Band gap energy (Eg) was deduced from the diffuse reflectance spectra through the 

Kubelka-Munk (KM) function (Equation 4.2), 

𝐹(𝑅∞) =  
(1−𝑅∞)2

2𝑅∞
=  

𝐾

𝑆
  (Equation 4.2) 

where F(R∞) is the KM function, R∞ is the absolute reflectance of the sample obtained by 

the ratio between the diffuse reflectance of the sample and the diffuse reflectance of the 
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standard (MgO), K and S are the absorption and scattering coefficient respectively. 

Considering that Eg can be approximated from K as a function of the photon energy (hν) 

as shown in Equation 4.3, 

𝐾 ∝
(ℎ𝜈−𝐸𝑔)

𝑛

ℎ𝜈
  (Equation 4.3) 

in which n is related to the type of optical transition, it is possible to determine Eg 

by plotting (F(R∞)∙hν)1/n as a function of hν and extrapolating the value from a linear 

regression of the straight part at F(R∞) = 0. In our case, the n value is defined to be ½, which 

is the value for a direct allowed transition, since it is well known that ZnO is a direct band 

gap semiconductor. The specific allowed or forbidden transition is experimentally 

determined from the best linear fit. 

4.2.8. Photocatalytic performance of PMMA/ZnO-Au composite mats 

The photocatalytic performance of the developed materials was evaluated by 

immersing 10 mg of the mats in quartz cuvettes filled with 3 mL of MB or BPA aqueous 

solutions (0.0125 mM and 0.044 mM respectively). To evaluate the adsorption of the 

organic molecules on the developed mats, experiments in dark conditions were 

performed overnight. For the photocatalytic experiments, the solutions containing the 

samples were placed at a distance of 10 cm under a UVA lamp emitting at a wavelength 

range from 315 nm to 400 nm (937 μW/cm2 at 365 nm, 10 cm from source) connected to a 

climatic chamber (ICH 110 L, Memmert). The UVA irradiance (μW/cm2) of the UV light 

source was measured by using a combined photo-radiometric probe (LP 471 P-A, Delta 

Ohm) at the fixed experimental distances between the source and the samples. Before 

starting the UV irradiation, the mats were maintained in the dark for 60 min. The decrease 

of the organic molecule concentrations was monitored by recording the UV-vis absorption 

spectra at specific time intervals. The test was also performed for a reference sample, 

namely a quartz cuvette filled with the MB or BPA solution, in order to estimate the self-

degradation of the pollutants under the UV light irradiation.  
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The photocatalytic degradation efficiency (DE%) was obtained from the Equation 

4.4, while the first order rate constant (k) was calculated by fitting the experimental data 

with the pseudo-first order model expressed in Equation 4.5 

𝐷𝐸% = (1 −  
𝐶

𝐶0
) ∙ 100 

Equation 4.4 

ln (
𝐶0

𝐶
) = 𝑘𝑡 

Equation 4.5 

in which C0 is the initial concentration of the pollutant and C is the concentration after a 

specific irradiation time (t). The organic molecule concentrations were determined by 

using two calibration curves with linear regression (R2 values of 0.9983 and 0.9998 for MB 

and BPA, respectively). For the MB, the calibration curve was obtained by monitoring the 

absorbance of the MB at the wavelength of maximum absorbance (λmax = 664 nm) with 

concentrations ranging from 0.00087 to 0.0125 mM. For the BPA calibration curve, the 

aqueous solution concentrations ranged from 0.0031 to 0.05 mM, and the absorbance 

variation was monitored at 276 nm. 

Before and after the photocatalytic degradation of the organic molecules, the Total 

Organic Carbon (TOC) of the solutions was analyzed by a membraPure uniTOC lab 

analyzer. The total amount of organic bound carbon in the aqueous samples is measured 

by mean of a UV/reagent-promoted oxidation into carbon dioxide (CO2) which is then 

quantified by a non-dispersive infrared detector. After the photocatalytic degradation 

experiment, the MB and BPA aqueous solutions were collected from the quartz cuvettes 

and diluted with MilliQ water, in order to reach 15 mL in each case. To remove any 

possible solid residue, the aqueous solutions were centrifuged and then filtered using a 

polytetrafluoroethylene (PTFE) syringe filters (diameter 15 mm, pore size 0.20 μm, 

Sartorius). The reagent used is an acidic aqueous solution of sodium persulfate (10%W/V) 

and phosphoric acid (3%V/V). The inorganic carbon content is firstly removed and 

measured by the internal acidification step. The TOC value is used to evaluate the 

mineralization of the MB and of the BPA, and therefore, the efficiency of the photocatalytic 

degradation. 
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The stability of the composite mats was evaluated by repeating the photocatalytic 

experiments on the same samples over three cycles. The composite mats were washed 

before starting the subsequent cycle by dipping in clean water for 1 h under UV light 

irradiation (same conditions as previously described) in order to remove the possible 

adsorbed pollutants. In addition, to evaluate the loss of ZnO and Au NPs from the 

composite mats, the ICP-OES analysis (iCAP 6300, Thermo) was performed on the liquids 

after the photocatalytic degradation process. The samples (125 μL) were previously 

treated with 2.5 mL of aqua regia, and then they were diluted up to 25 mL with milliQ 

water and filtered through PTFE syringe filters (diameter 15 mm, pore size 0.45 μm, 

Sartorius). 

4.3. Results and discussion 

4.3.1. Morphology of the electrospun composite mats 

4.3.1.1. Effect of zinc salt loading on the polymeric fiber formation 

The electrospinning process ensures the preparation of mats with large specific surface 

area and high porosity, which is originated from the random entanglement of fibers with 

diameters in the range from tens of nanometers up to few micrometers. Despite the 

addition of high content of the metal oxide precursor salt in the PMMA solution, it has 

been possible to prepare PMMA/Zn(CH3CO2)2 electrospun fibers with continuous defect-

free polymeric fibers characterized by smooth surface. Compared to the PMMA fibers 

(Figure 4.1a,b), the PMMA/Zn(CH3CO2)2 fibers exhibit a higher mean diameter with a 

broader size distribution, while their morphology remains rather similar, in accordance 

with a previous work[122] (Figure 4.1b,c). In particular, even if the electrospinning 

operating parameters are preserved, the mean diameter of the polymeric fibers increases 

from 1.5 ± 0.3 to 6.2 ± 3.7 μm (for PMMA and PMMA/Zn(CH3CO2)2 respectively). The 

increase in the average diameter is caused by the higher viscosity of the solution (from 
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1.57 ± 0.05 Pa∙s to 4.10 ± 0.15 Pa∙s, for PMMA and PMMA/Zn(CH3CO2)2 solutions 

respectively) due to the presence of the precursor salt[122]. 

 

Figure 4.1. SEM images and size distribution analysis of the diameter of the fibers of the (a,b) 

PMMA and (c,d) PMMA/Zn(CH3CO2)2 fibrous mats. 

4.3.1.2. Effect of zinc salt thermal decomposition on the formation of ZnO NPs 

After the thermal treatment of the PMMA/Zn(CH3CO2)2 fibrous mats, ZnO NPs 

are directly formed in the polymeric matrix upon the appropriate thermal treatment. The 

in-situ formed ZnO NPs appear well distributed on the surface of the fibers but also in 

their bulk, as shown in Figure 4.2a. The thermal treatment is therefore effective for the 

synthesis of the active nanomaterials inside the porous polymeric matrix, without 

affecting the fibers morphology. The content of ZnO NPs obtained after the zinc salt 

conversion is about 11.7 ± 0.9%W/W with respect to the composite, as calculated by the ICP-

OES analysis. Furthermore, the thermal treatment does not affect the overall size 

distribution of the polymeric fibers, which remains unchanged (Figure 4.2b). 
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Figure 4.2. (a) HRSEM image of PMMA/ZnO with the cross-section detail. (b) Diameter size 

distribution of the PMMA/ZnO composite mat. 

The thermally induced solid state reaction leads to the formation of two different 

sets of ZnO NPs depending on the growth area. As shown in Figure 4.3a, the ZnO NPs 

that grow mainly on the surface of the polymeric fibers (in accordance with the Figure 

4.2a) exhibit a spherical branched structure with an average diameter of 135 ± 38 nm. The 

selected area electron diffraction (SAED) pattern, shown as inset in the Figure 4.3a, 

confirms the attribution of the NPs to ZnO of hexagonal wurtzite phase. The second type 

of particles formed during the thermal decomposition of the loaded precursor are shown 

in Figure 4.3b. These smaller and irregular ZnO NPs, with average diameters ranging 

from 12 nm to 50 nm, are mainly formed in the internal part of the polymeric matrix, 

which restrains their growth[122]. 

 

Figure 4.3 TEM images of the ZnO NPs grown (a) on the surface and (b) in the bulk of the fibers. The 

two insets of the first image show the SAED pattern and the diameter size distribution of the NPs. 
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4.3.2. Strategies to improve photocatalytic activity of the fixed ZnO 

NPs 

The enhancement of the photoreactivity of ZnO is investigated by combining the 

semiconductor NPs with noble metals, in order to induce the formation of Schottky 

junctions or to promote the absorption of visible light by means of the localized surface 

plasmon resonances (LSPRs) typical of noble metal NPs. Different strategies to combine 

the ZnO NPs with two noble metals (gold and silver) have been explored. The preliminary 

results obtained using Ag NPs to form heterostructures with ZnO NPs are discussed in 

Appendix 1, while in this chapter the discussion is focused on the use of Au NPs to modify 

the in-situ formed ZnO, since this system was proved to be the most promising. 

The two synthetic strategies to obtain the ZnO/Au NPs hybrid structures on the 

polymeric fibers are described in Figure 4.4. The PMMA/ZnO-Au_In composite fibrous 

mats are prepared by a simultaneously in-situ synthesis of both ZnO and Au NPs, induced 

by the thermal decomposition of the loaded precursors in the polymeric fibers. 

Conversely, the PMMA/ZnO-Au_Ex composite fibrous mats are formed in a two-steps 

process, with the in-situ formation of ZnO NPs in the PMMA electrospun fibers and the 

subsequent ex-situ formation of Au NPs, upon the reduction of the Au adsorbed ions on 

the surface of the formed ZnO after a dip-coating process. In the latter case, the 

PMMA/ZnO composite mats are dipped in the gold precursor aqueous solutions of 

different initial concentrations. The neutralization of the acidic gold precursor solution, 

performed to avoid the solubilization of the amphoter ZnO NPs, determines the presence 

of [AuCl2(OH)2]- species which are favorably adsorbed on the positively charged surface 

of the ZnO NPs. The successive thermal treatment leads to the formation of Au NPs 

mainly on the surface of the ZnO NPs. 
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Figure 4.4. Scheme of the synthetic strategies to form ZnO/Au NPs hybrid structures on the PMMA/ZnO 

composite mats. 

4.3.2.1. Comparison of morphology and Au NPs distribution for in-situ and ex-

situ modification of polymeric composite mats 

Figure 4.5 shows the PMMA/ZnO-Au composite mats prepared following the in-

situ and the ex-situ strategy. Both samples, PMMA/ZnO-Au_In and PMMA/ZnO-Au_Ex, 

show similar morphology, in which the average diameter of the continuous fibers is 

unaffected by the formation processes followed. On the surface of the polymeric fibers, 

which is homogeneously decorated by spherical branched ZnO NPs, it is possible to 

observe also the presence of smaller Au NPs for both cases. As can be seen in the insets of 

Figure 4.5, in the PMMA/ZnO-Au_In, where the Au NPs are formed simultaneously with 

the ZnO NPs, the Au appears distributed also on the surface of the polymeric fibers, in 

contrast to the Au NPs formed after the ZnO NPs growth (PMMA/ZnO-Au_Ex) which 

appear mainly on the surface of the metal oxide as a consequence of the favorable 

adsorption process. 
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Figure 4.5. HRSEM images of the (a) PMMA/ZnO-Au_In and (b) PMMA/ZnO-Au_Ex composite fibrous 

mats prepared with a final Au content of around 1% wt. with respect to the composite. 

Details of the formed ZnO-Au heterostructures for both cases, are reported in 

Figure 4.6 which compares the TEM images of the in-situ formed ZnO NPs with the ZnO 

NPs modified with the noble metal, collected after the removal of the polymeric matrix 

(details of the experimental procedure in section 4.2.5). The in-situ and the ex-situ Au NPs 

modification does not considerably affect the morphology and the size of the ZnO NPs, 

with the exception of the noticeable superficial decoration with Au NPs for the ZnO-

Au_Ex heterostructures (Figure 4.6 c). 

 

Figure 4.6. TEM images of the (a) ZnO NPs formed by thermal decomposition of the loaded zinc salt in the 

polymeric fibers and of the ZnO-Au heterostructures formed by (b) the in-situ and (c) ex-situ synthetic 

strategies in which the content of Au NPs is around 1 %wt. with respect to the composite. 

The distribution of the Au NPs is further investigated by acquiring the TEM 

images in dark field mode (Figure 4.7), which ensures a better contrast between Au and 

ZnO NPs. In fact, the images are formed by the electrons that have been scattered by the 
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specimens, therefore areas with Au NPs appear brighter than those with ZnO NPs, due 

to the more intense scattering of the electrons caused by the heavier atoms that constitute 

the particles. Compared to the ZnO (Figure 4.7a), the addition of Au NPs is highlighted 

by the presence of brighter spots in the Figure 4.7b,c. When the ZnO-Au heterostructure 

is formed with the in-situ strategy, beside the formation of Au NPs on the polymeric fiber 

surface and on the exposed ZnO NPs (Figure 4.5a and Figure 4.6b), it is possible to observe 

also the formation of core-shell NPs, consisting in a thick shell of ZnO grown on a core of 

Au NP (Figure 4.7b). 

 

Figure 4.7. Dark field TEM images of (a) ZnO NPs and of (b) ZnO-Au_In and (c) ZnO-Au_Ex 

heterostructures formed on the PMMA fibers. 

The formed Au NPs by in-situ synthesis show an average diameter of 18.46 ± 5.54 

nm, while the ex-situ synthesis ensures the formation of Au NPs with average diameter 

of c.a. 8 ± 3nm. The distribution of the Au NPs is further confirmed by acquiring the EDS 

maps of the ZnO-Au_In and of the ZnO-Au_Ex (Figure 4. 8). The EDS mapping shows the 

spatial distribution of the elements in the samples, in which it is possible to distinguish 

Au as the core in the ZnO-Au_In hybrid structure, while Au is distributed on the ZnO 

surface in the ZnO-Au_Ex. 
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Figure 4.8. Dark field TEM images of (a) ZnO-Au_In (scale bar 30 nm) and (b) ZnO-Au_Ex (scale bar 

50 nm) heterostructures and EDS maps of (1) Au, (2) Zn and (3) O. 

The formation of a core-shell structure is probably induced by the presence of Au 

NPs in the PMMA/precursors solution during the fabrication of the fibers, which behave 

as nucleation centers for the overgrowth of thick ZnO shells. In fact, the formation of Au 

NPs has been reported in presence of the solvent used for the electrospinning process 

(DMF), which can also act as a reducing agent[219]. As can be seen in Figure 4.7c, the gold 

ions adsorption on the exposed preformed ZnO NPs during the ex-situ synthetic strategy, 

results in the growth of tiny Au NPs which appear well distributed on the surface of the 

photocatalyst. 

4.3.2.2. Comparison of the photocatalytic performance of the PMMA/ZnO-Au 

composite mats prepared trough in-situ and ex-situ synthetic strategies 

In order to evaluate the effect of the two proposed synthetic strategies for the 

modification of the ZnO NPs, a preliminary photocatalytic degradation experiment under 

UV light irradiation was performed by using the MB dye. As shown in Figure 4.9a, there 

is a negligible adsorption of the organic pollutant on the fibrous composites, evaluated 

after dipping the composite mats in the dye solutions under dark conditions. 

The photocatalytic performance of the PMMA/ZnO mat is compared to those observed 

for the two composite mats with the different types of ZnO-Au heterostructures (Figure 
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4.9b). Although the Au content is around 1%wt. with respect to the composite for both the 

PMMA/ZnO_Au mats, it is possible to observe different photocatalytic performance 

under the same experimental conditions; while the dye self-degradation under UV light 

is negligible. 

The PMMA/ZnO-Au_Ex shows in fact the higher photocatalytic efficiency for the 

removal of MB, while the photocatalytic efficiency of the PMMA/ZnO-Au_In appears to 

be lower compared to those of the PMMA/ZnO-Au_Ex and PMMA/ZnO. This decrease in 

the degradation efficiency can be attributed to the type of Au-ZnO heterostructures 

formed during the in-situ formation of Au NPs simultaneously with the growth of ZnO 

NPs, which leads to a lower active interface between the exposed ZnO and the Au NPs. 

 

Figure 4.9. (a) Evolution of the normalized concentration of MB solutions in presence of the composite mats 

with Au 1%wt. with respect to the composite in dark. (b) Photocatalytic degradation curves of MB in 

presence of the composite mats under UV light. Before the UV irradiation, the solutions were kept in dark for 

60 min in the presence of the composite mats. 

Since the poor control over the growth of ZnO-Au heterostructures with the in-

situ approach leads to low metal-semiconductor interfaces, the following sections will be 

focused on the development of different Au NPs coverage on the PMMA/ZnO mats by 

ex-situ modification. The research for the optimal content of Au NPs will be performed in 

order to enhance the photocatalytic performance of the fixed ZnO. 
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4.3.3. Investigation of different Au NPs content in the ex-situ 

modification of the PMMA/ZnO composite mats 

4.3.3.1. Morphology and structural characterization 

To further explore the photocatalytic activity of the PMMA/ZnO-Au_Ex 

composite mats, the PMMA/ZnO mats are dipped in three gold precursor solutions with 

different initial concentrations (photos of the prepared PMMA/ZnO_Au_Ex are displayed 

in Figure 4.10, compared to PMMA/ZnO). 

 

Figure 4. 10. Photos of the (a) PMMA/ZnO as prepared after thermally induced solid state reaction 

and of the PMMA/ZnO-Au_Ex prepared by dip-coating and subsequent thermal treatment of the 

composite mats, forming (b) PMMA/ZnO-Au1, (c) PMMA/ZnO-Au3 and (d) PMMA/ZnO-Au6. 

Figure 4.11 shows the morphology of the three different PMMA/ZnO-Au_Ex 

nanocomposite mats. In all cases, the formed Au NPs are well distributed on the surface 

of the composite mats. As already observed, Au NPs appear mainly attached on the 

surface of the ZnO NPs, also in the cases of the composite mats prepared with the highest 

gold content, as confirmed by the surface details in the corresponding insets of the Figure 

4.11. It is possible to observe a difference in the gold coverage of the mats. Higher initial 

concentration of gold species leads to an increase of the coverage of the composite fibers 

by Au NPs which, for the highest concentration (PMMA/ZnO-Au6), tend to form 

nanowires and aggregates on the surface of the composite mats, as can be seen in Figure 

4.12. The amount of Au NPs formed on the composite mats is approximately 1%, 3% and 

6% wt. of Au with respect to the composite, for the PMMA/ZnO-Au1, PMMA/ZnO-Au3, 

and PMMA/ZnO-Au6 respectively, as defined from the ICP-OES analysis. 
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Figure 4. 11. HRSEM images of the (a) PMMA/ZnO-Au1, (b) PMMA/ZnO-Au3 and (c) PMMA/ZnO-

Au6 composite mats. Insets report the surface detail for the PMMA/ZnO with the different content of Au 

NPs. 

 

Figure 4. 12. HRSEM images of the (a) PMMA/ZnO-Au1, (b) PMMA/ZnO-Au3 and (c) PMMA/ZnO-

Au6 composite mats with details of Au nanowires for higher Au content. 

In all the composite mats, the formed Au NPs have an average diameter of c.a. 8 ± 

3 nm, thirteen times smaller than the ZnO branched NPs, proving that the size of Au NPs 

is not significantly affected by the initial concentration of the gold precursor solution. The 

lower mean diameter of the Au NPs compared to the ZnO allows a high superficial contact 

between the two types of NPs and, therefore, an efficient charge separation. 

The structure and the crystallite size of the ZnO NPs before and after the 

modification with Au NPs have been explored by XRD analysis (Figure 4.13). In all the 

composite mats, the ZnO NPs exhibit the characteristic diffraction peaks of the hexagonal 

wurtzite phase. In presence of Au NPs, a new diffraction peak appears at 38°, which is 

assigned to the (111) crystal plane of the cubic Au phase (dotted line in Figure 4.13). For 

the PMMA/ZnO-Au6 composite mat, it is also possible to observe an additional 

diffraction peak at 44° (highlighted with an arrow in Figure 4.13) related to the Au (002) 

lattice plane due to the higher amount of Au NPs on the surface compared to the other 

composite mats. The presence of Au does not cause shifts of the position of the ZnO 
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diffraction peaks, therefore the crystal structure of the ZnO NPs is not affected by the post-

synthetic growth of the Au NPs. Furthermore, no extra phase or other peaks are observed, 

confirming the absence of crystalline impurities inside the samples. The average crystallite 

size of the ZnO NPs is approximated to 9 nm, as estimated by using the Debye-Scherrer 

equation (details in section 4.2.6). 

 

Figure 4.13. XRD patterns of the PMMA/ZnO composite mats before and after the modification with Au 

NPs by ex-situ approach. Stick reference pattern of ZnO (black) and of Au (red) are shown along x-axis. 

4.3.3.2. Optical characterizations 

The metal-semiconductor interface in the Au/ZnO NPs hybrid structure has been 

investigated through diffuse reflectance and Raman spectroscopy. The diffuse reflectance 

spectra of the different composite mats are shown in Figure 4.14a. In all cases, it is possible 

to observe the characteristic absorption of the ZnO NPs in the UV region originated by 

the direct band gap transitions[208]. The presence of the Au NPs leads to the addition of 

another absorption band with a maximum at 550 nm, attributed to the surface plasmon 

resonance of the Au NPs. The Eg of the ZnO is estimated by applying the Kubelka-Munk 

(KM) method to the data obtained by the reflectance spectra, as shown in Figure 4.14b 

(details of the KM equation in section 4.2.7). The calculated Eg values demonstrate that the 
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presence of the Au NPs does not cause any modification to the Eg of the ZnO present in 

the composite mats. In particular, the Eg is 3.25 ± 0.01 eV for the PMMA/ZnO, and 3.23 ± 

0.02 eV, 3.23 ± 0.04 eV and 3.25 ± 0.01 eV for the PMMA/ZnO-Au1, PMMA/ZnO-Au3 and 

PMMA/ZnO-Au6 respectively. 

 

Figure 4.14.(a) Diffusive reflectance spectra and (b) Kubelka-Munk plots of the composite mats with different 

Au NPs contents. The Eg value is extrapolated from a linear regression of the KM plot. 

The formation of the Au/ZnO NP heterostructures is confirmed by the Raman 

spectroscopy. Typically, the optical phonon modes predicted by the group theory for the 

hexagonal wurtzite ZnO structures are the polar Raman and infrared active modes A1, E1, 

the non-polar Raman active 2E2, and the silent 2B1 modes. The A1 and E1 modes are split 

in the transverse optical (TO) and longitudinal optical (LO) modes with different 

frequencies due to the manifestation of the macroscopic electric field of the LO phonons. 

The two E2 are splitted in the high and low frequency modes (E2high and E2low) which are 

associated with the oxygen atoms and the zinc sublattice, respectively[220,221]. In the 

Raman spectrum of the PMMA/ZnO composite mat (Figure 4.15), all the peaks observed 

are attributed to the PMMA[222], whose assignments are listed in Table 4.1, while the 

Raman active modes of the wurtzite ZnO are not evident possibly due to the presence of 

the polymer matrix and to the used experimental conditions[223]. 
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Table 4.1. Assignment of the Raman modes of the PMMA[222]. 

Raman shift (cm-1) Assignment 

482 C-C skeletal deformation of CC4 

559 O-C=O deformation 

603 O-C=O deformation 

735 O-C=O deformation coupled with CH2 rocking 

812 symmetric CC4 stretching 

838 C=O deformation coupled with CH2 rocking 

968 main chain C-C stretching 

987 main chain C-C stretching 

1059 CH2 wagging 

1122 C-O stretching coupled with CH2 rocking 

1158 C-O stretching coupled with CH2 rocking 

1185 C-C degenerate stretching of CC4 

1240 C-C degenerate stretching of CC4 

1391 CH3 symmetric bending 

1451 CH2 deformation 

1484 CH3 asymmetric bending 

It is possible to observe the characteristic modes of the ZnO only after the 

plasmonic enhancement provided by the contact with the Au NPs in the ZnO/Au hybrid 

systems. In fact, in the Raman spectrum of PMMA/ZnO-Au_Ex (Figure 4.15), additional 

peaks appear at 450 cm-1 and 560 cm-1, which are respectively assigned to the E2high and 

A1(LO) modes of the ZnO, proving the non-resonant surface enhanced Raman scattering 

of the ZnO optical modes in the proximity of Au NPs[220,224,225]. 
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Figure 4. 15. Raman spectra of the polymeric fibers and of the PMMA/ZnO before and after 

the superficial modification with Au NPs by ex-situ synthetic approach. 

4.3.4. Photocatalytic performance 

The effect of different amounts of Au NPs on the photocatalytic degradation 

performance of the composite mats is then investigated using MB and BPA aqueous 

solutions. The MB is a cationic dye which can be found in wastewater deriving mainly 

from textile, paper and plastic industries. It is commonly adopted as a model pollutant for 

testing the photocatalytic performance of various materials under UV light irradiation. 

The BPA is a recalcitrant aqueous pollutant, classified as endocrine disruptor, which is 

widely present in water due to its broad application in plastic industry[25]. 

In order to evaluate the adsorption of the organic pollutants on the fibrous 

composites, the mats were dipped in the organic pollutant solutions in dark conditions. 

As shown in Figure 4.16, there is a negligible MB adsorption on the fibers. The 

concentration of BPA slightly decreases over time in the presence of the PMMA/ZnO and 

of the PMMA/ZnO-Au with 1% and 3% of Au contents. On the contrary, the PMMA/ZnO-

Au6 shows a higher adsorption capacity compared to the other composites, adsorbing c.a. 
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39% of the initial BPA, due to the instauration of dispersive bonding interactions between 

the aromatic rings of the BPA and the gold surface, which is in a relatively high amount 

on the composite fibers[226,227]. 

 

Figure 4.16.Evolution of the normalized concentration of (a) MB and (b) BPA solutions in presence of the 

developed composite mats in dark. 

Under UV irradiation, the concentration of both organic pollutants decreases in 

time only in the presence of the nanocomposite fibrous mats. In fact, their self-degradation 

is negligible, while for the pure PMMA fibrous mat there is not significant change in the 

concentration of the pollutants, confirming the absence of photocatalytic activity. When 

the composite mats are dipped in the solutions, it is possible to observe a more efficient 

photocatalytic degradation of the organic pollutants in the presence of the Au/ZnO hybrid 

structures. Furthermore, the photocatalytic degradation curves of the pollutants follow a 

pseudo-first order kinetic for all the developed materials. 

In particular, as shown in Figure 4.17a, the PMMA/ZnO mat is able to decolorize 

77% of the initial MB solution while in the presence of the PMMA/ZnO-Au1, the efficiency 

reaches 88% after 20 hours of irradiation. By increasing the content of Au, the MB 

photocatalytic degradation tends to slightly decrease reaching 80% for the PMMA/ZnO-

Au3, while for the PMMA/ZnO-Au6, it is lower compared to the one observed for the 

PMMA/ZnO. The enhanced performance of the PMMA/ZnO-Au1 composite is also 

reflected on the degradation rate constant (k1) extrapolated for the first 5 hours of 

irradiation (Figure 4.17b). In fact, the photocatalytic degradation of MB with the 
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PMMA/ZnO-Au1 reaches the maximum value of k1 2.33∙10-3 min-1, significantly higher 

than the one obtained using the PMMA/ZnO, 1.44∙10-3 min-1, and the other composite 

mats, as shown in Table 4.2. 

 

Figure 4.17. (a) Photocatalytic degradation curves of MB in presence of the composite mats under UV light. 

Before the UV irradiation, the solutions were kept in dark for 60 min in the presence of the composite mats. 

The self-degradation of MB under UV is also presented. (b) Pseudo-first-order reaction kinetics for MB 

applied on the experimental data obtained in the first 5 hours of reaction. 

A similar behavior is also observed for the photocatalytic degradation of BPA. As 

shown in Figure 4.18a, the PMMA/ZnO-Au1 induces a decrease of around 63.5% of the 

initial BPA concentration after 20 h of UV irradiation, remarkably higher compared to the 

BPA reduction achieved with the PMMA/ZnO mat (DE% of 34%). For higher amounts of 

Au NPs, the photocatalytic degradation efficiency is around 61% and 41%, for the 

PMMA/ZnO-Au3 and PMMA/ZnO-Au6 respectively. The k1 values calculated by 

applying the first order kinetics model on the experimental data are in accordance with 

the photodegradation efficiency results. The PMMA/ZnO-Au1 displays the faster reaction 

rate (1.12∙10-3 min-1) compared to the PMMA/ZnO-Au3 and PMMA/ZnO-Au6 (0.96∙10-3 

and 0.82∙10-3 min-1 respectively) and to the PMMA/ZnO (k1 0.69∙10-3 min-1). The k1 values 

and the respective R2 values calculated by applying the pseudo-first order model for both 

MB and BPA are listed in Table 4.2. 
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Table 4.2. Photo-degradation rate constants and linear regression coefficients obtained from the linear 

fitting of the experimental data by using the pseudo-first order model. 

 MB BPA 

Samples 10-3 k1 (min-1) R2 10-3 k1 (min-1) R2 

PMMA/ZnO 1.44 0.9979 0.69 0.9820 

PMMA/ZnO-Au1 2.33 0.9982 1.12 0.9895 

PMMA/ZnO-Au3 1.71 0.9887 0.96 0.9923 

PMMA/ZnO-Au6 0.63 0.9958 0.82 0.9478 

Despite the results obtained for the MB, the PMMA/ZnO-Au6 composite mat 

displays a more effective reduction of the initial BPA concentration compared to the one 

of the PMMA/ZnO mat. However, this is not attributed to the photocatalytic degradation 

but to the high adsorption of the BPA on the surface of the Au NPs, as demonstrated with 

the adsorption experiment (Figure 4.16b). 

 

Figure 4. 18. (a) Photocatalytic degradation curves of BPA in presence of the composite mats under UV light. 

Before the UV irradiation, the solutions were kept in dark for 60 min in the presence of the composite mats. 

The self-degradation of BPA under UV is also presented. (b) Pseudo-first-order reaction kinetics for BPA 

applied on the experimental data obtained in the first 5 hours of reaction. 

For both the pollutants studied, the enhanced photocatalytic activity using the 

PMMA/ZnO-Au1 hybrid structures indicates that the specific ZnO-Au combination is 

favorable for the formation of the Schottky barrier at the metal-semiconductor interface, 

which enhances the charge carrier separation and therefore the ROS formation[203,228]. 

In fact, as observed in the SEM analysis, when the content of Au is low, the NPs are better 

distributed on the fibers without forming large aggregates, as in the case of higher amount 
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of Au (PMMA/ZnO-Au6). The presence of Au aggregates on the ZnO NPs catalyst causes 

a decrease of their active surface exposed towards the organic pollutants and also a less 

effective light penetration due to a screening effect[204,210,229]. This result is also 

confirmed by previous studies; as a matter of fact, there is an optimal concentration of 

metallic NPs for the surface modification of the metal oxide semiconductors, beyond 

which the photocatalytic performance declines[228,230]. 

In order to evaluate the conversion of the organic pollutants into CO2 and, 

therefore, the efficiency of the developed materials to mineralize the organic pollutants 

upon photocatalytic degradation, the mineralization of MB and BPA has been 

investigated by TOC studies of the solutions before and after the irradiation experiments. 

Based on the obtained results (Table 4.3), it can be assured that 60% of MB is mineralized 

in the presence of the PMMA/ZnO-Au1 mat upon UV irradiation, higher compared to 

45.5% obtained using the PMMA/ZnO. 

Table 4.3. Degradation and mineralization values obtained from the photocatalytic degradation of the MB 

and BPA aqueous solution in presence of the mats after 20 h under UV light irradiation. 

 MB BPA 

Samples %degradation %mineralization %degradation %mineralization 

PMMA/ZnO 77 45.5 34 - 

PMMA/ZnO-Au1 88 60 63.5 15 

In the case of BPA, the PMMA/ZnO-Au1 is able to mineralize 15% of the 

photodegraded molecules (63.5%), while no changes in the TOC have been detected after 

using PMMA/ZnO. The lower mineralization of BPA compared to the one obtained for 

the MB can be ascribed to the recalcitrant nature of this organic pollutant. The effective 

removal of the BPA molecules is greatly challenging due to their complex aromatic 

structure, which, together with their low biodegradability, makes BPA one of the principal 

pollutants detected  in the effluents of the wastewater treatment plants[231]. 

  



 

102 

4.3.4.1. Reusability and comparison of the electrospun composite mats with other ZnO-

based composites 

Since the PMMA/ZnO-Au1 mats show the best performance in terms of 

photocatalytic degradation of both MB and BPA organic pollutants, their stability is 

investigated by performing three consecutive irradiation cycles. The loss of Zn and Au 

from the composite mats is negligible after the first irradiation cycle, since about 0.022 ± 

0.001%wt. of Zn with respect to the total Zn amount in the composites was detected in the 

liquids, while it has not been possible to determine the content of Au due to the low 

concentration. The overall photocatalytic performance of the PMMA/ZnO-Au1 is 

maintained unvaried for two consecutive cycles in terms of degradation efficiency of the 

MB (Figure 4.19a), while, in the third cycle, the performance slightly decreases to 72.5%. 

 

Figure 4.19. Photocatalytic degradation activity after three cycles using the same PMMA/ZnO-Au1 

composite mats of (a) MB and (b) BPA under UV light. 

This is also the case of the PMMA/ZnO sample (Figure 4.20) indicating the fact that 

this reduction in the performance can be possibly attributed to a low photo-corrosion 

effect of the ZnO[232]. In the case of BPA, the photocatalytic performance of the 

PMMA/ZnO-Au1 shows a more evident decrease after the second cycle compared to the 

one observed for the MB, lowering further in the third cycle (Figure 4.19b). Despite this 

reduction, the degradation efficiency of the third cycle is higher than the one reached for 

the PMMA/ZnO mat, in which only 10% of the BPA is photodegraded (Figure 4.20b). This 
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aspect confirms the improvement of the catalytic activity of the mat due to the presence 

of 1% of Au NPs also in the removal of a recalcitrant aqueous pollutant. 

 

Figure 4. 20. Photocatalytic degradation activity after three cycles using the same PMMA/ZnO composite 

mats of (a) MB and (b) BPA under UV light irradiation. 

The photocatalytic degradation performance under UV light irradiation of the 

PMMA/ZnO-Au1 is comparable to those obtained using other recently developed ZnO 

based polymeric fibrous composites. In particular, the presented PMMA/ZnO-Au1 is able 

to degrade 0.48 mg of MB per Au/ZnO gram and irradiation hour (0.48 mg/g∙h), which is 

similar to the dye degradation achieved by the ZnO based nanostructured on 

polyethersulfone fibers developed by Ognibene et al.[114] (0.59 mg/g∙h, calculated upon 

normalization with the mass of the photoactive material and the irradiation time). 

Although the photocatalytic degradation process is faster in the second case, possibly due 

to a higher content of exposed photoactive material and different irradiation conditions, 

the efficiency of this ZnO based composite decreases of about 10% if reused for a second 

cycle, contrary to what observed in the herein presented work[114]. Considering the BPA, 

the photocatalytic degradation obtained by the PMMA/ZnO-Au1 is 0.9 mg/g∙h, which is 

comparable to the value (1.12 mg/g∙h) observed for the Ce-doped ZnO supported on 

poly(styrene-co-maleic anhydride) nanofiber mats[233]. Most important, the degradation 

rate constant calculated in this work is remarkably higher than the one reported (1.12∙10-3 

min-1 and 2∙10-4 min-1 respectively), indicating a faster removal of the BPA[233]. 
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4.1. Concluding remarks 

The in-situ formation of ZnO NPs in a polymeric matrix allows the formation of 

spherical branched NPs in the bulk and exposed on the surface of randomly distributed 

polymeric fibers. The enhancement of the photocatalytic activity of the PMMA/ZnO 

composite mats is here investigated through the formation of nanostructures between the 

semiconductor and Au NPs by means of a straightforward fabrication approach. The 

hybrid Au/ZnO nanostructures are fixed on a polymeric support through a thermally 

induced solid-state synthesis directly on the surface of electrospun polymeric fibers, 

obtaining an easily handled porous material. Two modification strategies have been 

investigated, specifically through the simultaneous formation of Au NPs during the 

growth of ZnO NPs, or with the deposition of Au NPs on the in-situ formed ZnO NPs. 

The latter strategy ensures a higher Au-ZnO interfacial active surface. For these samples, 

in fact, the Au NPs appear homogeneously distributed on the surface of the ZnO NPs, 

allowing an effective metal-semiconductor interface, fundamental for the improvement of 

the photocatalytic performance of the ZnO semiconductor. In fact, the presence of the Au 

NPs on the PMMA/ZnO composite mats enhances the photocatalytic degradation of both 

the organic pollutants studied, MB and BPA. Although the BPA degradation is less 

effective than the one obtained for the MB, due to the intrinsic nature of the BPA 

molecules, the presence of Au induces the significant photodegradation performance 

compared to other studies. Therefore, the proposed use of PMMA/ZnO-Au composite 

mats can be considered as a valid approach for the improvement of the photocatalytic 

performance of supported catalysts for water remediation applications, without the need 

of post treatment steps for their removal from the treated water which may restrict their 

wide applicability as well as causing secondary pollution. 
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Chapter 5 

CeO2 based porous composite materials for 

heterogeneous photocatalysis 

 

5.1. Introduction 

Heterogeneous photocatalytic processes have been widely employed for the 

degradation of various aqueous pollutants[234–236], showing promising results as 

combined advanced treatments to enhance the effectiveness of conventional tertiary 

treatments in wastewater remediation process. One of the main advantages of these types 

of AOPs is the requirement of ambient conditions to occur, in terms of temperature and 

pressure. Recently, the development of materials for solar light-driven photocatalysis has 

gathered significant interest, due to the potential reduction of energy consumption and 

cost by using solar radiation as a clean and unlimited source of energy[212,237]. Since 

visible light, with wavelengths in the range from 400 to 700 nm, accounts for 43% of the 

solar radiation, while the incoming UV light represents only 5% of it, the harvesting of the 

solar spectrum can be improved through the development of materials with visible-light 

response. 

Cerium oxide (CeO2) is increasingly used as an alternative to more conventional 

TiO2-based photocatalysts for the degradation of organic pollutants in water[78,238,239] 

and it is attracting growing interest as a photocatalyst for solar light applications[239]. 

Cerium is the most abundant rare earth element and its abundance on the Earth’s crust is 

comparable with that of the more used zinc and copper[240]. Furthermore, the low price 

of CeO2[239,241], together with its unique properties, such as the electronic and optical 

structures due to the presence of 4f electrons and the convenient physical and chemical 



 

106 

properties, such as the easy formation of oxygen defects and the reversible Ce4+/Ce3+ 

conversion, make it interesting for photocatalytic applications[242]. The potential 

application of CeO2-based materials in the field of wastewater treatments derives from 

the absence of toxicity, the chemical inertness and the strong oxidizing capability of the 

metal oxide[242]. 

The good photocatalytic performance of CeO2 can be attributed to the favorable capacity 

to adsorb organic molecules on the surface and to the high electron transfer from the 

adsorbed molecule to oxygen species, thanks to the electron configuration of the metal 

oxide[239]. Depending on the size and morphology of the particles, CeO2 shows a wide 

bandgap (3.0 - 3.4 eV) and, as a consequence, the photocatalytic activity under visible light 

irradiation may be restricted. In order to improve the photocatalytic performance of CeO2 

also in the visible range, some of the investigated approaches consist in tuning the 

morphology[243], in its combination with plasmonic metals[244,245] and in the inclusion 

of dopants[246,247]. 

CeO2 is here incorporated in the porous polymeric matrix by means of the two 

synthetic strategies discussed in Chapter 2.3 and it is differently modified in order to 

harvest as much of the solar spectrum as possible. In the first part of this Chapter, the in-

situ synthesis of the active nanomaterials directly in the polymeric matrix will be 

presented, similar to the work described in Chapter 4. The photocatalytic performance of 

the prepared CeO2-based nanocomposite fibers with different CeO2/Au nanostructures is 

investigated resulting in improved photocatalytic degradation of the MB dye activated 

under visible light[78]. Regarding the second synthetic strategy proposed in Chapter 2.3, 

the preliminary results of the incorporation of pre-formed CeO2 NCs into the porous 

polymeric matrix are then reported. The improvement of the photocatalytic activity of 

CeO2 is investigated by changing the oxygen vacancy concentrations by doping with 

different metal ions. 
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5.2. Incorporation of CeO2 by in-situ synthetic strategy 

5.2.1. Experimental methods 

5.2.1.1. Materials 

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, average MW ∼ 

455 kDa), ammonium cerium(IV) nitrate ((NH4)2Ce(NO3)6, 99.99%), chloroauric acid 

(HAuCl4, 99.999%), methylene blue (MB), N,N-dimethylformamide (DMF, 

ChromasolPlus), acetone (≥99.5%, GC grade), ethanol (EtOH, GC grade), sodium 

hydroxide solution (NaOHaq, Titrisol), toluene (Chromasolv Plus), hydro- chloridric acid 

(HCl, 37%), and nitric acid (HNO3, 70%) were purchased by Sigma-Aldrich. All chemicals 

were used as received without any further purification. 

5.2.1.2. Preparation of PVDF-HFP/CeO2/Au nanocomposite fibers 

Details of the fibers preparation can be found in reference[78]. Briefly, PVDF-HFP 

fibers with in-situ formation of CeO2 NPs were prepared by dissolving 2.24 g of 

(NH4)2Ce(NO3)6 in 18.5 mL of DMF/acetone (volume ratio 6/4) under stirring at room 

temperature. After the complete dissolution of the cerium salt, 4 g of PVDF-HFP pellets 

were added to the solution, which was left stirring at 70 °C to speed up the polymer 

dissolution. The preparation of PVDF-HFP/CeO2/Au_in nanocomposite was achieved by 

adding 0.012 g of HAuCl4 to the PVDF-HFP/(NH4)2Ce(NO3)6 solution. The solutions were 

electrospun by using electrospinning with a vertical setup (applied voltage of 27 kV, flow 

rate of 0.8 mL h−1 and collector distance of 25 cm). The dried electrospun fibers were placed 

in an oven (Air Concept, Firlambo) at 150 °C for 48 h in air to thermally induce the in situ 

synthesis of the CeO2 in the PVDF-HFP/CeO2 and of the Au NPs in the PVDF-

HFP/CeO2/Au_in nanocomposite. In addition, PVDF-HFP/CeO2/Au_ex nanocomposite 

fibers were prepared by ex-situ synthesizing Au NPs on previously prepared PVDF-

HFP/CeO2 fibers, placing the fibers in a sealed round-bottom flask in the presence of a 
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solution of 20 mL of EtOH and a given amount (0.012 g) of HAuCl4 basified with few 

drops of NaOHaq (0.01 M) to adjust to pH 9; the system was stirred and heated at 50 °C 

for 24 h. The growth of Au NPs was achieved with a thermal post treatment (at 60 °C for 

4 hours). 

5.2.1.3. Characterization 

The fibers morphology was investigated by a high-resolution scanning electron 

microscope (HR-SEM, JEOL JSM 7500FA) equipped with a cold field emission gun, 

applying an accelerating voltage of 10 kV (chamber pressure of 9.6 × 10−5 Pa). The 

specimens were previously coated with 10 nm thick carbon layer by a carbon coater 

(Emitech K950X, Quorum Technologies Ltd.). The size and morphology of the synthesized 

NPs were investigated by a transmission electron microscope (TEM, JEOL JEM-1011) 

equipped with a tungsten thermionic electron source, operating at 100 kV. High angle 

annular dark-field scanning TEM (HAADF-STEM) images were acquired at 200 kV with 

a high- resolution FEI Tecnai F20T TEM equipped with a Schottky field emission gun 

(FEG). 

5.2.1.4. Photocatalytic performance of PVDF-HFP/CeO2/Au nanocomposite fibers 

The photocatalytic performance of the nanocomposite fibers was evaluated by 

performing photodegradation experiments using an aqueous solution of MB (6.5 × 10−3 

mM), as model molecule. The experiments were carried out under a visible light 

irradiation, employing a light source composed by a seven LEDs array (SR-01-WC310 

5650K, Luxeon Star) powered at constant voltage of 18 V. The employed light source 

presents two emission ranges: 410−470 nm and 500−750 nm (emission spectrum in Figure 

5.5a). Approximately 5 mg of each sample were placed in a quartz cuvette filled with 3 

mL of MB aqueous solution. Before starting the irradiation, the samples were kept in the 

MB solution in the dark for 1 h to reach the adsorption/desorption equilibrium of the dye 

on the surface of the sample. The cuvettes were then placed in fixed position at a distance 
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of 20 cm under the LEDs array. The MB degradation was monitored by recording the 

UV−vis absorbance spectra at specific time points, up to 330 min, using a Varian Cary 

6000i UV−vis−NIR spectrophotometer and Milli-Q water as reference. For each 

experiment three samples were tested, and a quartz cuvette was filled with the MB 

solution as a control sample to estimate the self-degradation of the dye under the 

irradiation. The first-order rate constant (k1) is calculated by fitting the MB 

photodegradation tests with the pseudo-first-order kinetic model (Equation 4.2 in Chapter 

4.2.4). The MB concentrations were determined through a linear regression of the 

calibration curve, extracted as described in Chapter 4.2.4. Moreover, experiments in dark 

conditions were performed to investigate the possible MB adsorption on the neat PVDF 

fibers. 

5.2.2. Results and discussion 

5.2.2.1. Morphology of the CeO2 based porous polymeric nanocomposite 

The in-situ synthesis of CeO2 NPs in the polymeric fibers is ensured by combining 

the electrospinning technique with the solid-state reaction to synthesize the CeO2 NPs 

directly in the fiber bulk and, most important, also on the surface of the fibers 

(PVDF/CeO2). The fibers average diameter changes when the cerium salt is added to the 

PVDF-HFP solution, increasing from 0.47 ± 0.26 µm for the solely PVDF fibers to around 

1.07 ± 05 µm for the PVDF/cerium precursor fibers, due to the increase of the viscosity of 

the solution, which affects the electrospinning process[78]. After the thermally induced 

formation of the CeO2 NPs, it is possible to observe a slightly further increase of the 

diameter to 1.56 ± 0.90 µm, which is not affected by the modification with Au NPs. 

The thermal decomposition of the cerium precursor salt loaded in the polymeric 

matrix induces the in-situ growth of the CeO2 NPs that appear homogeneously distributed 

on the surface of the polymeric fibers[78], as shown in Figure 5.1a. It is possible to observe 

also the formation of small agglomeration of CeO2 NPs on the randomly distributed 

polymeric fibers. The in-situ formed CeO2 NPs show a branched morphology with an 
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average diameter of 39 ± 15 nm without observing significant differences in all the 

prepared nanocomposite fibers (Figure 5.1b). 

 

Figure 5.1. (a) HRSEM image of the PVDF/CeO2 composite fibers. (b) TEM image of the in-situ synthetized 

CeO2 NPs (details of the morphology in the inset). Adapted from reference[78]. 

Figure 5.2 shows the photos and the morphologies of the PVDF/CeO2 

nanocomposite fibers after the modification with Au NPs through the previously 

described methods, resulting in the formation of two types of Au/CeO2 nanostructures. 

In the PVDF/CeO2/Au_in fibers, it is possible to discern the presence of Au NPs on 

the fiber surfaces (inset of Figure 5.2a), where the simultaneous in situ synthesis of both 

CeO2 and Au NPs induces their formation in separated domains with comparable 

dimensions (Figure 5.3a). Specifically, Au NPs exhibit a pentagonal shape, which is a 

typical gold morphology when Au NPs have sizes ranging from 33 nm to 101 nm[78]. In 

the PVDF/CeO2/Au_ex fibers, the Au NPs are formed on the already existing CeO2 NPs 

by the nanocomposite fibers dipping in a gold precursor solution and the subsequent 

thermal treatment, which leads to a very small Au NPs (12 ± 6 nm) nucleate on the exposed 

metal oxide (inset of Figure 5.2b and Figure 5.3b). 
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Figure 5.2. HRSEM images of (a) PVDF/CeO2/Au_in and (b) PVDF/CeO2/Au_ex. Insets show the photos 

of the samples and details of the surface of the fibers in higher magnification images. Adapted from 

reference[78]. 

The Au/CeO2 nanostructures formed within the PVDF/CeO2/Au_in fibers show 

smaller interfacial connections, mainly limited at the domain boundaries, between the 

noble metal and the metal oxide, due to the growth in separate domains, as well as their 

similar sizes. In the case of PVDF/CeO2/Au_ex fibers, the nucleation and growth of Au 

NPs on pre-formed CeO2 leads to a high interfacial area between the two fillers, 

strengthened also by the difference in the size of the Au with respect to the CeO2. 

 

Figure 5. 3. (a) TEM image of the in-situ formed CeO2 and Au NPs from the sample PVDF/CeO2/Au_in. 

(c) Dark-field TEM image of CeO2 aggregates with ex situ synthesized Au NPs on their surface, from the 

sample PVDF/CeO2/Au_ex. Adapted from reference[78]. 

Further structural and chemical characterizations of the in-situ CeO2 based porous 

polymeric nanocomposite are described in reference[78]. 
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5.2.2.2. Photocatalytic performance 

The photocatalytic performance of the prepared nanocomposite fibers is 

investigated towards the degradation of MB under visible light since the combination of 

metal NPs with the CeO2 not only enhances the photocatalytic efficiency, but it is also 

expected to cause a narrowing on the bandgap of the metal oxide. The morphological 

details of the CeO2 nanostructures, such as the shape, size and interface between the 

particles have a significant impact on their photo-activities. As shown in Figure 5.4, the 

photocatalytic degradation curve of the PVDF/CeO2 nanocomposite fibers under visible 

light irradiation is completely overlapped with the one obtained for neat PVDF fibers, 

indicating that the CeO2 does not exhibit any significant photocatalytic activity under such 

conditions. 

The higher reduction of the MB concentration for the PVDF fibers compared to 

that observed for the dye self-degradation is due to the adsorption of the MB on the 

polymeric fibers. In Figure 5.5b it is reported the adsorption experiment of the dye under 

dark conditions, observing adsorption of around 5% of the initial MB, which is 

comparable to the MB reduction reported for the PVDF fibers under visible light. 

 

Figure 5.4. (a) Photocatalytic degradation curves of MB in presence of the nanocomposite fibers under 

visible light. Before the irradiation, the solutions were kept in dark for 60 min in the presence of the 

nanocomposite fibers. The self-degradation of MB is also presented. (b) Pseudo-first-order reaction kinetics 

for MB applied on the experimental data obtained in the first 5 hours of reaction. 
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Figure 5.5. (a) Emission spectrum of the seven LEDs array (SR-01-WC310 5650K, Luxeon Star) 

employed as irradiation source for the photocatalytic test. (b) Methylene blue absorption experiment 

carried out in dark conditions on neat PVDF fibrous membranes. 

When CeO2 is combined with the Au NPs, an improvement of the photocatalytic 

activity is observed. In particular, after 330 min of visible light irradiation, the initial 

concentration of MB decreases of 30% for the PVDF/CeO2/Au_in sample and of 40% for 

the PVDF/CeO2/Au_ex (Figure 5.4a). 

The photocatalytic degradation of MB follows pseudo-first order kinetics (Figure 

5.4b) for all samples, and the photodegradation rate constant, k1, for neat PVDF and 

PVDF/CeO2 are similar (0.8∙10-3 min-1) confirming that CeO2 NPs do not cause any 

photodegradation of the dye when irradiated by visible light. On the other hand, the 

photodegradation rate constant increases to a value of 0.9∙10-3 min-1 and 1.4∙10-3 min-1 for 

PVDF/CeO2/Au_in and PVDF/CeO2/Au_ex respectively. These results are explained 

considering the Eg values. The diffuse reflectance data of the CeO2 based porous 

polymeric nanocomposite were appropriately plotted to estimate the Eg by means of the 

KM function. The extrapolated Eg value of CeO2 decreases when the Au/CeO2 

nanostructures are formed, from an initial Eg of 3.26 eV in the case of PVDF/CeO2 to 3.18 

and 2.97 eV for PVDF/CeO2/Au_in and PVDF/CeO2/Au_ex, respectively. The narrowing 

of the Eg values can be ascribed to the increase of the oxygen vacancy of the metal 

oxide[78]. The decrease of the Eg values results in the activation of the photocatalytic 

degradation of the MB under visible light. Another plausible explanation of the improved 

photocatalytic performance of the PVDF/CeO2/Au_ex is the type of the CeO2/Au interface 
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that is formed by the ex-situ modification of the metal oxide. In this case, the CeO2/Au 

interfacial area is higher than that observed for PVDF/CeO2/Au_in thanks to the formation 

of smaller Au NPs mostly on the surface of the exposed CeO2. If placed in intimate contact, 

the Schottky junction formed between Au and CeO2 may be accountable for the 

improvement of the photocatalytic performance under visible light, inducing an LSPR 

sensitization effect. 

5.3. Incorporation of CeO2 by ex-situ synthetic strategy 

5.3.1. Experimental methods 

5.3.1.1. Materials 

The synthesis processes are adapted by following a published method[248] and 

they are conducted by using a Schlenk line with dry glassware under nitrogen 

atmosphere. The used materials were cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O, 

99.99%), gallium(III) nitrate hydrate (Ga(NO3)3·xH2O, 99.9%), gadolinium(III) nitrate 

hexahydrate (Gd(NO3)3·6H2O, 99.99%), 1-octadecene (ODE, 90%), N,N-

dimethylformamide (DMF, 99.8%) and nitrosyl tetrafluoroborate (NOBF4, 95%), cellulose 

acetate (CA, Mn ≈ 40kDa), polyvinylpyrrolidone (PVP, average mol wt 10 kDa) which were 

purchased from Sigma Aldrich. Oleylamine (Oam, 70%) was purchased from Acros 

Organics. Hexanes (ACS grade), toluene (ACS grade), isopropanol (ACS grade) and 

ethanol (EtOH, ACS grade) were purchased from BDH. 

5.3.1.2. Colloidal synthesis of CeO2, Ga:CeO2 and Gd:CeO2 NCs 

The un-doped CeO2 NCs were prepared by combining 2 mmol of Ce(NO3)3·6H2O 

with 20 mmol of Oam and 5 mL of ODE in a 50 mL round bottom flask under continuous 

magnetic stirring. In the case of the doped CeO2 NCs, high levels of metal dopant 
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precursors were added to the reaction mixture as 5% and 10% of the cerium precursor. 

The mixture was heated to 80 °C and maintained at this temperature for 1 h in order to 

homogenize the solution. The solution was then degassed at 120 °C for 1 h under a 

vacuum pressure below 100 mTorr. The temperature was then raised to 250 °C and the 

solution was aged for 2 h to react. After the reaction time was over, the dark brown 

mixture was cooled in air and 7.5 mL of toluene were added to the mixture when the 

temperature was around 80 °C. The NCs were then purified to remove the unreacted 

cerium salt, the surfactant and the solvent. The mixture was centrifuged at 1600 rpm for 

10 min and the supernatant was divided into two centrifuge tubes, in which isopropanol 

was added as 5 times of the initial volume and centrifuged at 7000 rpm for 10 min. The 

precipitated nanocrystals were dispersed with 5 mL of hexane in each centrifuge tube, 

mixed with 2 times of isopropanol and centrifuged at 7000 rpm for 10 min. The pellets 

were then dispersed with 5 mL of hexane and subjected to size-selective precipitation (as 

described in Appendix 4, in section A4.3.2.4) narrowing the size distribution. The obtained 

final concentration of CeO2 based NCs was around 60 mg∙mL-1. 

5.3.1.3. Ligand stripping procedure 

To remove the ligand from the surface of the NCs, 8 mL of CeO2 NCs dispersion 

in hexane (5 mg/mL) were added to 8 mL of DMF solution of 0.02 M of nitrosyl 

tetrafluoroborate (NOBF4) at room temperature. The two-phase mixture was put in an 

ultrasonic bath for 30 min to promote the ligand stripping and then was gently shaken 

until the transfer of the NCs from hexane to DMF. The NCs were washed six times using 

toluene as antisolvent. 

5.3.1.4. Fabrication of the CeO2 based porous polymeric composite 

The CeO2 based porous polymeric composite was prepared via phase inversion by 

immersion precipitation. The homogeneous casting solution was prepared by adding the 

polymer solution to the CeO2 NCs dispersion in DMF. Specifically, 0.3776 g of CA were 
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dissolved in 1.2 mL of DMF, while the CeO2 NCs were separately dispersed in the 

PVP/DMF solutions. The latter was prepared by dissolving 0.070 g of PVP in 0.8 mL of 

DMF and the NCs were dispersed by ultrasonic bath for 30 min. The final amounts of CA 

and PVP were maintained at 16 wt.% and 3 wt.% respectively. Different weight fractions 

of CeO2 NCs were added around 0.5 wt.%, 1 wt.% and 2 wt.% of CeO2 with respect to the 

final content, which ensured a content of NCs of 1.5 wt.%, 3 wt.% and 6 wt.% with respect 

to the CA in the porous composite. The prepared solution was then cast on glass support 

by spin coating and immediately dipped into a distilled coagulation bath for 48 h. To 

exclude the loss of CeO2 NCs during the precipitation of the polymeric matrix, the water 

coagulation baths have been analyzed recording the UV-vis absorption spectra. 

5.3.1.5. Characterization 

The morphology of the un-doped and doped CeO2 NCs was investigated by a 

transmission electron microscope (TEM, JEOL 2010F) operating at 200 kV accelerating 

voltage. The samples were prepared by drop-casting a diluted nanocrystal solution in 

hexane on ultrathin carbon film type A (Ted Pella, 01822-F, 400 mesh) TEM grids. Dopant 

contents were quantified through ICP-OES spectrometer (iCAP 6500, Thermo). For the 

digestion of the samples, 2.5 mL of aqua regia were added to a small aliquot of the CeO2 

NCs, then the samples were diluted up to 25 mL with milliQ water and filtered through 

PTFE syringe filters (diameter 15 mm, pore size 0.45 μm, Sartorius). The ICP-OES results 

were confirmed with XPS measurements, which were performed using a SPECS-Lab 

spectrometer with a non-monochromatic Mg Kα source (hν = 1253.6 eV) operated at 15 

kV with an emission current of 10 mA. Charge neutralization consisting of low-energy 

(ca. 7 eV) electrons was applied and energy scale calibration was performed by setting the 

C-C/C-H component of C1s spectrum at 285 eV. Spectra deconvolution was carried out 

using Casa XPS software. The optical absorption properties of CeO2 NCs, which were 

deposited on quartz substrate by spin coating, were evaluated in the range between 200 – 

1000 nm, using a Varian Cary 5000 (Agilent) UV-visible-NIR spectrophotometer. 
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5.3.1.6. Crystallite size approximation by Debye-Scherrer equation 

The crystallite size was estimated by using the Debye-Scherrer equation (5.1) 

𝐷ℎ𝑘𝑙 =  
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃ℎ𝑘𝑙

 (Equation 5.1) 

where Dhkl is the crystallite size (nm), K is a dimensionless factor referred to the crystallite 

shape, λ is  the wavelength of the target ( 0.15406 nm for Cu), β is the Full-Width-Half-

Maximum (FWHM) of the diffraction peak (rad) and θhkl is the diffraction peak angle. The 

FWHM values were estimated by fitting the diffraction peaks (28.51°, 32.98°, 47.45°, 56.30° 

and 58.93°) of the CeO2 cubic fluorite phase with a pseudo Voigt function. The presented 

crystallite size is the mean value obtained by the Dhkl values calculated from the above-

mentioned diffraction peaks. 

5.3.1.7. Band gap energy extrapolation by Tauc method 

The bandgap energies (Eg) of un-doped and doped CeO2 were deduced by plotting 

the optical absorption data with respect to energy, through the Tauc method. The colloidal 

suspensions of the synthetized NCs were deposited on quartz support by spin coating. 

Specifically, the optical absorption strength depends on the difference between the photon 

energy and the Eg as defined in the following relation (Equation 5.2), 

(αhν)1 𝑛⁄ = 𝐶(hν −  𝐸𝑔) (Equation 5.2) 

where α is the absorption coefficient, h is Planck’s constant, ν is the frequency of 

the photons and C is the proportionality constant. The exponent value (n) is related to the 

nature of the electronic transition and it assumes a value n = ½ for direct allowed 

transitions. The α value can be calculated from the absorption data with the following 

relation (Equation 5.3), 

α = (2.303 𝐴 𝑡⁄ )  (Equation 5.3) 

where A is the optical absorbance and t is the thickness of the film. The t values of the 

CeO2 NCs films on the quartz substrates was measured by AFM analysis on the scratched 
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film (AFM system XE-100, Park Scientific). The Eg value was then extrapolated from the 

linear portion of the Tauc plot, which is obtained by plotting (𝛼ℎ𝜈)2 with respect to hν. 

5.3.1.8. Photocatalytic performance of CA/CeO2 porous composite 

The photocatalytic performance of the porous composite was evaluated by 

immersing 10 mg of the samples in quartz cuvettes filled with 3 mL of MB aqueous 

solutions (0.0125 mM). To evaluate the adsorption of the organic molecules on the 

developed mats, experiments in dark conditions were performed overnight. For the 

photocatalytic experiments, the solutions containing the samples were placed at a distance 

of 10 cm under a UVA lamp emitting at a wavelength range from 315 nm to 400 nm (937 

μW/cm2 at 365 nm, 10 cm from source) connected to a climatic chamber (ICH 110 L, 

Memmert). The UVA irradiance (μW/cm2) of the UV light source was measured by using 

a combined photo-radiometric probe (LP 471 P-A, Delta Ohm) at the fixed experimental 

distances between the source and the samples. Before starting the UV irradiation, the 

samples were maintained in the dark for 60 min. The decrease of the organic molecule 

concentration was monitored by recording the UV-vis absorption spectra at specific time 

intervals. The test was also performed for a reference sample, namely a quartz cuvette 

filled only with the MB solution, in order to estimate the self-degradation of the dye under 

the UV light irradiation. The dye adsorption experiments were performed with the same 

experimental conditions, keeping the quartz cuvettes under dark. The dye concentration 

was determined by using a calibration curve (linear regression with R2 values of 0.9983), 

obtained by monitoring the absorbance of the MB solutions at the wavelength of 

maximum absorbance (λmax = 664 nm) with concentrations ranging from 0.00087 to 

0.0125 mM. 

  



 

119 

5.3.2. Results and discussion 

5.3.2.1. Morphology of the synthetized CeO2 NCs 

The synthesis of CeO2 NCs employs the thermal decomposition of the cerium 

precursor in the presence of Oam as ligand molecules in a high boiling point solvent under 

an inert atmosphere. The inclusion of Oam, an amine surfactant, enables the formation of 

non-aggregating and uniformly sized NCs. The decomposition of the metal precursor 

starts at a temperature above 200 °C, with the formation of nuclei that rapidly grow 

consuming the available monomers from the solution. In order to synthesize high quality 

NCs, the growth stage is maintained for 2 h, obtaining a narrow particle size distribution. 

In Figure 5.6, the un-doped CeO2 NCs show a pseudo-spherical shape and they are 

uniform in size. The obtained average diameter (DTEM) of the NCs is 3.91 ± 0.48 nm. 

 

Figure 5.6. TEM image of un-doped CeO2 NCs. Diameter size distribution is shown as an inset. 

5.3.2.2. Incorporation of different contents of dopants in CeO2 NCs 

The variation of the optical properties of CeO2 NCs has been evaluated through 

heterovalent doping, incorporating a high level of impurities in a different valence state 

than the Ce (IV) cations. The effective incorporation of dopants in the crystalline lattice is 

achieved balancing the reactivity of the host and dopant precursor. In this case, the used 
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host and dopant precursors have the same coordinating ligand. In fact, doping with a 

metal cation can remarkably affect the electrical and optical properties, which are 

dominated by the defect chemistry. The incorporation of trivalent dopants in CeO2 

induces a net negative charge, causing the formation of oxygen vacancies to maintain 

neutrality. In this way, it is possible to tune the concentration of the oxygen vacancies 

inside the system, which are formed to counterbalance the acceptor defects. Controlling 

the oxygen vacancy concentration is important to prepare a suitable photocatalyst because 

they can trap photoexcited electrons or photogenerated holes restraining the 

recombination of electron-hole pairs and, therefore, improving the photocatalytic 

performance[249]. Moreover, the presence of oxygen vacancies can also affect the Ce4+ to 

Ce3+ ratio, resulting in the enhanced visible-light induced photocatalytic activity when the 

Ce3+ content is increased[250]. 

After the incorporation of gallium and gadolinium in the CeO2 NCs, the 

modification of the morphology and optical properties of the photocatalyst is studied. 

Figure 5.7 shows the TEM images of the doped CeO2 NCs with a high level of dopants. It 

is possible to observe a pseudo-spherical shape for all the prepared doped NCs. The tested 

high level of dopants has a slight effect on the growth process of the NCs and their size. 

The DTEM observed are 4.95 ± 0.88 nm, 4.60 ± 0.84 nm for the addition of 5% and 10% of Ga 

and 3.74 ± 0.69 nm and 4.39 ± 0.82 nm for 5% and 10% of Gd. 
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Figure 5.7. TEM images of (a) Ga:CeO2 5%, (b) Ga:CeO2 10%, (c) Gd:CeO2 5% and (d) 

Gd:CeO2 10%. The particle size distributions are shown as an inset. 

5.3.2.3. Effects on the crystalline structure 

The crystalline purity and the structural information are evaluated by XRD 

analysis (Figure 5.8). The XRD patterns of the un-doped and of the doped CeO2 NCs show 

the characteristic diffraction peaks of the cubic fluorite structure phase of ceria, without 

observing any other diffraction peaks from crystalline impurities. The mean crystallite 

size (DDS) of CeO2 NCs, estimated by using the Debye-Scherrer equation, is 4.14 ± 0.26 nm, 

similar to the ones calculated for the doped CeO2 NCs. Table 5.1 lists the lattice constant 

(a) and the DDS values extrapolated from the XRD diffractograms. For comparison, it is 

also displayed the DTEM estimated from the TEM images. The a value for the un-doped 

CeO2 NCs is in accordance with the theoretical prediction of a = 5.4210 Å for ceria in the 

fluorite crystal structure. 

In the diffractograms of Ga:CeO2 the diffraction peaks appear shifted towards 

higher 2θ values and, increasing the dopant concentration, this shift increases of about 

0.1% compared to the one observed for Ga:CeO2-5%. The shift to higher 2θ values suggests 

a decrease in the a values (as shown in Table 5.1). This can be explained considering the 
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ionic radius of Ga3+ (0.62 Å), which is smaller than that of Ce4+ (0.97 Å) in accordance with 

Vegard’s law prediction[251]. In fact, the substitution of Ce4+ ions with Ga3+ ions induces 

the shrinking of the host lattice with a gradual decrease of the lattice parameters for higher 

Ga doping. 

 

Figure 5.8. XRD patterns of un-doped and doped CeO2 NCs. Stick reference pattern is shown along the x-

axis. 

Table 5.1. Lattice parameter and crystallite size of the prepared CeO2 NCs 

Samples a (Å) DDS (nm) DTEM (nm) 

CeO2 5.4223 ± 0.006 4.14 ± 0.26 3.91 ± 0.48 

Ga:CeO2 5% 5.4010 ± 0.004 4.76 ± 0.36 4.95 ± 0.88 

Ga:CeO2 10% 5.3981 ± 0.005 4.35 ± 0.32 4.60 ± 0.84 

Gd:CeO2 5% 5.4238 ± 0.005 4.22 ± 0.2 3.74 ± 0.69 

Gd:CeO2 10% 5.4480 ± 0.013 3.46 ± 0.1 4.39 ± 0.82 

In the case of the Gd doped CeO2 NCs, only the diffractogram of Gd:CeO2-10% 

shows a shift to lower 2θ values of the diffraction peaks, suggesting an increase of the 

lattice parameters. The ionic radius of Gd3+ (1.053 Å) is bigger than the one of Ce4+ and, 

therefore, its incorporation results in the expansion of the host lattice. The addition of a 

nominal content of Ga and Gd precursor as 5% of Ce precursor allows the incorporation 

of a high level of cations in the CeO2 crystalline lattice. The quantification of the actual 
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amount of dopant cations is obtained by means of ICP-OES and XPS measurements. When 

Ga is added with a nominal content of 5%, the percentages of the incorporated cation are 

21.7% and 15.15%, from ICP-OES and XPS results respectively. Increasing the Ga content 

to 10% with respect to Ce precursor in the reaction flask induces the incorporation of a 

higher amount of cations in the CeO2 NCs, resulting in a doping percentage around 30% 

from both the analysis. The Gd:CeO2-5% and Gd:CeO2-10% NCs show a similar doping 

percentage of 20% from both the analysis, as a maximum amount of dopant that can be 

incorporated in the host lattice. 

5.3.2.4. Effects on the optical properties 

Figure 5.9 shows the UV-Vis spectra of the prepared CeO2 NCs. In all the spectra, 

it is possible to observe a well-defined absorption of CeO2 NCs in the ultraviolet region, 

with a maximum at 290 nm, which corresponds to O2- to Ce4+ charge transfer transition 

[247]. The band gap energy (Eg) of CeO2 is estimated using the Tauc model, extrapolated 

from the linear part of the (αhv)^1/n versus (hv), obtaining an Eg value of 3.711 ± 0.010 eV. 

The incorporation of high level of the dopants inside CeO2 has a slight effect on the Eg, 

showing a decrease of the Eg value which is more evident for a higher content of dopant, 

observing a red-shift. Furthermore, the shift toward lower energies is higher for Ga:CeO2 

NCs compared to Gd:CeO2. The extrapolated Eg are 3.700 ± 0.009 eV, 3.665 ± 0.014 eV for 

Ga:CeO2 with the nominal content 5% and 10% respectively and 3.728 ± 0.007 eV, 3.697 ± 

0.008 eV for Gd:CeO2 with the nominal content 5% and 10% respectively. 
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Figure 5.9. UV-Vis spectra of the un-doped and doped CeO2 NCs deposited on quartz 

substrates before the ligand stripping. Inset shows details of the absorption spectra. 

As can be noted in the inset of Figure 5.9, in the UV-Vis spectrum of the CeO2 NCs 

there is a second absorption peak at 500 nm, which can be attributed to the absorption 

contribution of Ce3+ [243]. The presence of Ce3+ in the ceria NCs is further confirmed by 

the XPS analysis, showing a ratio of Ce3+/Ce4+ of 0.15. When dopants are incorporated in 

the host lattice, the content of Ce3+ increases compared to the one observed in the un-

doped CeO2, observing a ratio of Ce3+/Ce4+ of 0.48 and 0.39 for the Ga and, 0.39 and 0.40 

for the Gd for an increasing nominal content. In the case of Ga, the content of Ce3+ appears 

to be slightly lower for higher content of dopant and this behavior can be due to a higher 

substitution of Ce3+ with Ga3+ in the host lattice, reducing the overall content of Ce3+ [246]. 

The doping with Ga and Gd affects the optical properties, showing weak absorption peaks 

in the visible and near-infrared regions, as shown in the inset of Figure 5.9. 

5.3.2.5. Incorporation of CeO2 NCs in a polymeric porous matrix 

The pre-formed CeO2 NCs are then incorporated in a polymeric matrix in order to 

obtain a porous composite. The preliminary data of the preparation of the composite by 

ex-situ approach are described in these two last sections. 
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One strategy adapted to prepare the composite is based on the precipitation of the 

polymeric phase by phase inversion by dipping the samples in a coagulation bath. Figure 

5.10 shows the cross-section and the inner structure of the CA porous film and the 

CA/CeO2 porous composite. Both samples exhibit an asymmetric porous structure with a 

thickness below 100 µm, which consists in the combination of a finger-like and a dense 

porous layer. The addition of 3 wt.% of CeO2 concerning the CA affects the diffusion mass 

transfer of the solvents during the polymer precipitation, reducing the formation of the 

finger-like macrovoids (Figure 5.10 b). 

 

Figure 5.10. SEM images of (a) CA porous film and (b) CA/CeO2 porous composite. 

The SEM analysis does not allow to discern the presence of possible CeO2 

aggregates in the polymeric matrix, therefore further studies on the morphology of the 

composite are required through different imaging techniques with higher resolving 

power. 

5.3.2.5. Preliminary results on photocatalytic performance of the porous 

composite 

The preliminary photocatalytic degradation of the MB dye by the CA/CeO2 porous 

composite is shown in Figure 5.11a. Unfortunately, the as-prepared sample does not show 

any photocatalytic activity under the UV irradiation. The photocatalytic degradation 

curve of the MB by CA/CeO2 is overlapped to that of the MB self-degradation, while the 

decrease of the MB content due to the CA porous film (red curve) is due to the dye 
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adsorption on the polymer, as confirmed by the adsorption experiment shown in Figure 

5.11b. 

 

Figure 5. 11. Photocatalytic degradation curves of MB in presence of the samples under UV light. Before the 

UV irradiation, the solutions were kept in dark for 60 min in the presence of the samples. The self-degradation 

of MB is also presented. (b) MB absorption under dark conditions. 

Further studies are required for the optimization of the fabrication procedure of 

the porous composite, studying the effect of different contents of photocatalysts and how 

they are distributed in the polymeric matrix. The absence of photoactivity of the 

investigated composite may be due to inadequate CeO2 content or to the incorporation of 

the NCs only in the bulk of the polymer structure, which hinders the formation of ROSs. 

5.4. Concluding remarks and future perspectives 

The in-situ synthetic strategy to incorporate the metal oxide is based on the 

combination of the electrospinning technique with the in-situ thermally activated 

conversion of the cerium salt in CeO2 NPs, which leads to its direct growth in the 

electrospun fibers forming the PVDF/CeO2 composite. The in-situ synthesized CeO2 NPs 

show a branched morphology and they appear distributed on the surface and the bulk of 

the fibers. The modification of the metal oxide with the noble metal induces the activation 

of the photocatalytic activity of the CeO2 under visible light, thanks to the synergic effect 

of the metal oxide and noble metals. Specifically, the higher improvement of the 
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photocatalytic dye degradation is observed for the PVDF/CeO2/Au_ex, for which 40% of 

the initial MB concentration is decolorized after 330 min under visible light. In this sample, 

the ex-situ growth of Au NPs on the already formed CeO2 NPs allows the instauration of 

a better Au/CeO2 contact interface resulting in a higher LSPR sensitization effect. 

Besides the direct growth of the metal oxide in the polymeric matrix, the possible 

incorporation of ex-situ formed NCs is also investigated in the last section of the chapter. 

High quality CeO2 NCs are prepared through colloidal synthesis to have control over their 

morphology and size. The doping strategy allows the incorporation of high levels of Ga3+ 

and Gd3+ cations in the CeO2 lattice, inducing the formation of oxygen vacancies that can 

trap photoexcited electrons or photogenerated holes restraining the recombination of 

electron-hole pairs, resulting in an improvement of the photocatalytic performance. 

A preliminary study for the preparation of a porous composite through the incorporation 

of the synthesized CeO2 NCs is based on the formation of a solid porous material by a 

non-solvent induced phase inversion technique. However, the results obtained so far 

show no photocatalytic activity of the incorporated CeO2 NCs (around 3 wt.% with respect 

to CA) for the removal of MB under UV light. Further research is therefore needed to 

optimize the ex-situ strategy to prepare a porous composite decorated by un-doped and 

doped NCs and to select the experimental set-up, i.e. selecting different light sources, for 

the photocatalytic degradation test. 
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Chapter 6 

Conclusion  

In this thesis, porous composite materials with potential applications for the 

removal of organic compounds from water have been prepared through the combination 

of different techniques. The incorporation of active micro- or nanosized materials in a 

porous polymeric matrix ensures the preparation of solid functional composites for which 

do not require the use of expensive and time-consuming post-operational steps to collect 

the active particles after the water treatment. The simple processability of the employed 

polymers allows to easily obtain low weight porous substrates in which the active filler is 

successfully incorporated preserving its performance. 

Concerning the developed bio-based porous composite, the incorporation of OP 

agro-waste particles in the SF matrix has been fulfilled through the conversion of the 

prepared alcogel into a highly porous biocomposite upon scCO2 drying. The sol-gel 

transition of the biopolymer induces the formation of thermodynamically stable β-sheets 

which act as physical crosslinks in the polymer matrix. The presence of OP affects the 

physiochemical properties of the SF matrix and leads to remarkable higher adsorption of 

the studied cationic dye than the one reached by the sole SF porous material. 

The valorization of the OP waste as a component of a highly porous biocomposite 

opens up the possibility to convert agro-waste materials into low-cost adsorbent 

composites without compromising their adsorption capacity. 

Besides the biocomposite adsorbent, an electrospun composite mat has been 

prepared by following an innovative approach for the incorporation of photoactive 

nanomaterials on the electrospun polymeric fibers for the heterogeneous photocatalytic 

degradation of organic pollutants. In this case, the removal of aqueous organic 

compounds occurs through a destructive process that may potentially lead to the 

complete mineralization of recalcitrant organic contaminants. 
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In the proposed composite, branched ZnO NPs are directly formed in the 

polymeric matrix upon thermal conversion of the zinc salt loaded onto the PMMA 

electrospun mat. To enhance the photocatalytic activity of the PMMA/ZnO composite 

mats in the removal of organic compounds, different strategies are investigated for the 

formation of Au/ZnO heterostructures. The higher photocatalytic degradation 

performance under UV light is observed for the porous composite with the 

heterostructure formed by the adsorption dipping process of the PMMA/ZnO composites 

in a gold solution, which ensures the gold ions adsorption and the subsequent Au NPs 

reduction on the surface of the already formed ZnO NPs. The high Au/ZnO interfacial 

active surface improves the photocatalytic activity of the ZnO semiconductor by means of 

the possible formation of Schottky junctions. Therefore, the fabrication of PMMA/ZnO 

composite mats can be considered as a valid approach for the immobilization of the active 

photocatalyst, whose photocatalytic performance can be easily improved by means of the 

formation of heterostructures with a noble metal. 

The incorporation of a different photocatalyst in a porous polymeric matrix is then 

proposed by following both the in-situ and ex-situ synthetic strategies for the CeO2 

preparation in the porous composite materials. The in-situ synthesis followed for the 

fabrication of the PVDF/CeO2 electrospun composite ensures the formation of branched 

CeO2 NPs homogeneously distributed on the surface and the bulk of the polymeric fibers. 

The photocatalytic activity of the CeO2 has been activated under visible light through its 

superficial modification with Au NPs. The higher photocatalytic degradation of the 

cationic dye occurs for the porous composite, in which the Au NPs grew on the formed 

CeO2 NPs, assuring the instauration of a better Au/CeO2 contact interface and therefore of 

a higher LSPR sensitization effect. 

The incorporation of pre-synthesized CeO2 NCs in a porous polymeric matrix is 

then studied by means of non-solvent induced precipitation of the polymer-based 

mixture, in which CeO2 has been dispersed. The preliminary results show the formation 

of an asymmetric porous structure along with the thickness of the polymeric film. High 

quality CeO2 NCs have been previously synthesized through colloidal synthesis and their 
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doping with high levels of Ga3+ and Gd3+ cations in the CeO2 lattice induces the formation 

of oxygen vacancies that can trap photoexcited electrons or photogenerated holes 

restraining their recombination which may result in an improvement of the photocatalytic 

performance. Further research is needed for the optimization of the ex-situ incorporation 

of the un-doped CeO2 NCs in the porous composite before to evaluate the effect of the 

doping on the photocatalytic activity of the metal oxide. 
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Appendix 1. 

Effect of deposited Ag NPs on the photocatalytic activity of 

PMMA/ZnO composite mats 

A1.1. Introduction 

The combination of semiconductors with noble metals is a widely used approach 

to improve the photocatalytic performance of semiconductor photocatalysts. Since wide 

band gap semiconductors can absorb UV light, which consists in only about 3% of the 

incoming solar energy, the potential use of the heterogeneous photocatalytic process in 

wastewater treatments by using sunlight is restricted. The deposition of Ag NPs on the 

in-situ formed ZnO ensures instead the formation of materials with a visible-light 

response, allowing better use of the solar light, in which the visible light takes around 50 

% of the total. The improvement in the visible absorption of the catalyst can be attributed 

to the surface plasmon resonance effects, in which the excitation of the localized surface 

plasmon resonance (LSPR) under visible light generates electrons on Ag NPs that are then 

injected into the CB of the ZnO to activate the formation of ROSs. The effect of combining 

Ag NPs with ZnO can further enhance the semiconductor photoreactivity, due to the 

formation of Schottky junctions. The presence of Ag NPs in intimate contact with ZnO 

induces a charge driving force, which inhibits the photogenerated electron-hole 

recombination, boosting the photocatalytic performance. 

The PMMA/ZnO composite mats prepared following the in-situ synthetic approach for 

the incorporation of the active nanomaterials inside the porous polymeric matrix, as 

described in Chapter 4, are combined with Ag NPs to evaluate the synergistic effects on 
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the photocatalytic degradation of a dye under different light sources. Different thicknesses 

of Ag NPs are deposited on the composite mats before the thermal conversion of the metal 

salt precursor, by using the supersonic cluster beam deposition. The photoactivity of ZnO 

NPs that are formed below the Ag NP coating is studied, evaluating therefore the effect 

of the established metal-semiconductor interface on the removal of MB. 

A1.2. Experimental methods 

A1.2.1. Materials 

Poly(methyl methacrylate) (PMMA, average Mw ~ 350 kDa), zinc acetate 

dihydrate (Zn(CH3CO2)2∙2H2O 99,999%), N,N- Dimethylformamide (DMF, ≥99.8%), 

methylene blue (MB), acetone (≥99.5%), ethanol (EtOH, ≥99.8%), hydrochloridric acid 

(HCl, 37%) and nitric acid (HNO3, 70%), were purchased by Sigma Aldrich. All chemicals 

were used without any further purification. 

A1.2.2. Preparation of the PMMA/ZnO-Ag 

The nanocomposite polymeric fibers were prepared with a similar procedure as 

described in Chapter 4.2.1. The conversion of the PMMA/Zn(CH3COO)2 solution into 

electrospun fibers was achieved through electrospinning in a vertical setup. On the as 

PMMA/Zn(CH3COO)2 electrospun fibers were deposited silver NP layers of three 

different thicknesses by using the supersonic cluster beam deposition (SCBD) in 

collaboration with the group of Prof. Luca Gavioli, Interdisciplinary Laboratories for 

Advanced Materials Physics (i-LAMP) & Dipartimento di Matematica e Fisica, Università 

Cattolica del Sacro Cuore, Brescia. 

The nanocomposite fibers with the three thicknesses of Ag NP layers were then placed in 

an oven at 110 °C for 48h to induce the thermal decomposition of the zinc salt in ZnO; this 

treatment in terms of time and temperature consents to reach a precursor conversion of 
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more than 90%, and, therefore, the added amount of zinc salt allows to obtain a content 

of around 20 wt.% of ZnO NPs in respect to the PMMA. 

A1.2.3. Characterization 

The morphological characterization was performed with scanning electron 

microscopy (SEM and HR-SEM), while the morphology and dimensions of the particles 

in the different samples were investigated by transmission electron microscopy (TEM). 

Specifically, the morphology of the fibers was investigated using mainly JEOL JSM-7500F 

high-resolution scanning electron microscope (HR-SEM) equipped with a cold field 

emission gun, applying an accelerating voltage of 5 kV. The samples were coated with a 

layer (10 nm) of carbon by a carbon coater (Emitech K950X, Quorum Technologies Ltd) 

and the average diameter size and the diameter size distribution were determined with 

Fiji/ImageJ software, collecting 200 fibers diameters for each image. The TEM images of 

the starting Ag NPs/composite fibers were acquired using JEOL JEM-1011 transmission 

electron microscopy (TEM) equipped with a tungsten thermionic electron source, 

operating at 100 kV. The polymeric fibers were dissolved in acetone and then the diluted 

suspension was deposited on a support grid (300 Mesh Cu Carbon only). The 

physiochemical characterization of the polymeric fibers was performed with X-ray 

Diffraction (XRD) by using a PANalytical Empyrean X-ray diffractometer with Cu Kα 

radiation operating at 45 kV and 40 mA. The diffractograms were recorded in reflection 

mode, for 2θ range from 10° to 75°, with a step time of 500 s and step size 0.1°.  

The estimation of Eg of samples with different silver coating thicknesses was obtained 

from diffuse reflectance measurements, performed with a Varian Cary 6000i UV-Vis-NIR 

spectrophotometer, by applying the Kubelka-Munk (K-M) method as previously 

described (Chapter 4.2.7). 

A1.2.4. Photocatalytic performance of PMMA/ZnO-Ag composite 

mats 
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The photocatalytic performance of the composite fibrous membranes with three 

different silver coating thicknesses was evaluated by putting 5 mg of the photocatalytic 

material in quartz cuvette filled with 3 mL of 4 ppm MB aqueous solution. Before starting 

the light irradiation, the fibers were maintained in the MB solution under dark conditions 

for 30 min, in order to reach the adsorption equilibrium of the dye on the samples. Then 

the MB photodegradation was monitored by recording the UV-vis absorption spectra at 

specific time intervals. The test was also performed for a reference sample, namely a 

quartz cuvette filled with solely MB solution, in order to estimate the self-degradation of 

the dye under the light irradiation. The photodegradation experiments were performed 

with two different light sources. Specifically, the experiments under UV light were 

performed by using a handled UV lamp (UVGL-58, Analytik Jena) equipped with a filter 

in longwave mode (0.5078 mW/cm2 at 365 nm, 6 cm from source). The experiments under 

visible light were carried out with a super-quiet xenon lamp (LIGHTNINGCURE Spot 

light source L9588-04, HAMAMATSU), which emits a radiant wavelength range from 300 

nm to 800 nm (4500 mW/cm2 at 365 nm, 10 mm from source), maintaining a distance of 20 

cm between the samples and the light source. 

A1.3. Results and discussion 

The PMMA/ZnO composite mats presented in Chapter 4 are here combined with 

Ag NPs in order to evaluate the effect on the photocatalytic performance of the 

immobilized catalyst in presence of UV-vis light. In fact, the wide Eg of ZnO requires UV 

light irradiation to promote the establishment of the photocatalytic reactions. The coating 

of three layer thicknesses of Ag NPs (1 - 5 - 10 nm) on the PMMA/Zn(CH3COO)2 

electrospun mats is evaluated in order to understand for which PMMA/ZnO-Ag 

composite mats the interfacial electron transfer from the photo-excited Ag NPs to the ZnO 

NPs ensures an improved photocatalytic performance for the degradation of MB as a 

model molecule. The thermally induced synthesis of ZnO after the deposition of Ag NPs 
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guarantees an intimate contact between the semiconductor and the noble metal. Figure 

A1.1 shows the photos of the fibrous mats after the thermal treatment to induce the 

growth of ZnO in the PMMA. 

 

Figure A1.1. Photos of PMMA/ZnO with three thicknesses of Ag NPs 

The prepared fibrous mats, before and after the thermal treatment, show a non-

continuous fibrous-like structure, with inhomogeneous sizes in the order of few microns 

(Figure A1.2). The high content of the loaded Zn(CH3COO)2 leads to the formation of 

crystalline structures which protrude from the surface of the fibers, clearly evident in the 

insets of Figure A1.2b,c. As already described, the thermal treatment on the 

PMMA/precursor fibers induces the nucleation and growth of ZnO NPs without affecting 

the polymeric fibers. The obtained PMMA/ZnO fibrous membranes show an average 

diameter size of 7.05 ± 2.70 μm, in which the ZnO NPs cover uniformly the polymeric 

fibers. The Ag NPs coating on the PMMA/Zn(CH3COO)2 fibrous membranes is clearly 

visible for the samples with 5 and 10 nm of Ag coating thicknesses (Figure A1.2b,c). The 

EDS mapping image of the PMMA/ZnO with 10 nm of Ag NPs confirms the superficial 

deposition of the noble metal on the sample (Figure A1.3). The presence of an area of the 

fiber in which there is a minor silver distribution is probably caused by the overlapping 

of another fiber during the NPs deposition with the SCBD method. 
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Figure A1.2. HRSEM images of the electrospun mats with the three thicknesses of Ag NPs before and after 

the thermal treatment. PMMA/Zn(CH3COO)2 and of PMMA/ZnO (labeled with _T) with a coating of (a) 

1 nm, (b) 5 nm and (c) 10nm of Ag NPs. 

 

Figure A1.3. EDS mapping of Ag distribution on the PMMA/ZnO mats with 10 nm of Ag NPs coating. 

The PMMA/ZnO composite mats prepared with 1 nm and 10 nm thick Ag NPs 

coatings are analyzed with TEM, where the formed ZnO NPs exhibit a spherical branched 
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structure (Figure A1.4a), as reported in Chapter 4. The presence of Ag NPs in the 

PMMA/ZnO fibers with a silver coating of 1 nm is difficult to confirm in the TEM images 

due to the low concentration of the silver. In the nanocomposite fibers with a silver coating 

of 10 nm it is instead possible to notice the presence of two different size distributions 

with spherical shape NPs and an average size of 3.60 ± 0.72 nm and 5.91 ± 0.98 nm (Figure 

A1.4b). The electron diffraction patterns, included in Figure A1.4b, confirms the structure 

identification of Ag as face centered cubic structure. 

 

Figure A1.4. TEM images of (a) a ZnO NP and Ag NPs and (b) details of the two size populations 

of Ag NPs after the dissolution of the polymeric matrix in the PMMA/ZnO-10 nm Ag NPs. Inset 

reports the electron diffraction pattern of the Ag NPs. 

The XRD patterns of the composite fibers with 10 nm of Ag NPs thickness coating 

before and after the thermal treatment are shown in Figure A1.5. All the diffraction peaks 

presented in the diffractogram of the PMMA/Zn(CH3COO)2 fibers are associated to the 

hexagonal crystalline structure of Zn(CH3COO)2 and, after the thermal treatment, these 

peaks are replaced by all the characteristic diffraction peaks attributable to the hexagonal 

wurtzite ZnO structure, confirming the complete decomposition of the precursor in all the 

composite fibers, as observed in a previous work[122]. The diffraction peak due to the 

presence of the Ag NPs can be observed only in the XRD pattern of the samples prepared 

with a coating of 10 nm. The peak at 38° corresponds to the face centered cubic structure 

of Ag NPs [203]. The absence of this peak in the samples with a minor thickness of silver 

is attributed to its low concentration that makes difficult the detection. 
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Figure A1.5. XRD patterns of the PMMA/ZnO composite mats with 10 nm of Ag NPs coating before (red 

line) and after (black line) the thermal treatment. Stick reference patterns of Zn(CH3COO)2 (red), ZnO 

(black) and Au (green) are shown along x-axis. 

The estimation of the Eg has been calculated through the KM method on the UV-

vis diffuse reflectance spectra of all the samples, assuming a direct band-to-band 

transition. The band gap values are shown in Table A1.1, in which the Eg of the ZnO 

formed in the polymeric matrix without silver modification is shifted from 3.281 ± 0.063 

eV to slightly lower values when it grows in the presence of Ag NPs on the fibers surface. 

Table A1.1. Experimental Eg values for the composite mats by using KM method, assuming a direct 

transition. 

Samples Eg (eV) 

PMMA/ZnO 3.281 ± 0.063  

PMMA/ZnO – 1 nm Ag NPs 3.266 ± 0.051 

PMMA/ZnO – 5 nm Ag NPs 3.250 ± 0.040 

PMMA/ZnO – 10 nm Ag NPs 3.254 ± 0.060 

The photocatalytic performance of the composite fibrous mats with three different 

silver coating thicknesses is evaluated for an initial concentration of MB aqueous solution 

of 1.4 10-5 M. The composite mats are tested under UV light to evaluate the effect of the 

noble metal coating on the photocatalytic activity of the composites. The experimental 

results, shown in Figure A1.6, confirm the enhanced photocatalytic performance for the 
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PMMA/ZnO fibers with silver coating compares to the PMMA/ZnO fibers. Specifically, 

the photocatalytic performance enhances from composite fibers with Ag NPs layer of 5 

nm to 10 nm, while it decreases for the composite fibers with lower silver coating. The 

PMMA/ZnO-Ag with 5 nm of NP coating exhibits higher photocatalytic activity 

compared to the other samples and it is able to reduce around 25% of the initial MB within 

6 h. Furthermore, the self-degradation of the dye under UV light is negligible. It has been 

observed that the use of metallic NPs used for catalyst doping has an optimized 

concentration, beyond which the photocatalytic performance gets worse[203]. The 

decrease in the photocatalytic performance of the ZnO with higher thickness of Ag NPs 

on the surface can be attributed to a less effective light absorption due to the coating of 

the noble metal on the surface. 

 

Figure A1.6. (a) Photocatalytic degradation curves of MB in the presence of the composite mats under UV 

light. The self-degradation of MB is also presented. (b) Pseudo-first-order reaction kinetics for MB. 

The photocatalytic degradation of the dye follows a pseudo-first order kinetic 

reaction, ln(Co/C) = k1t, where k1 is the photodegradation rate constant. The kinetics of the 

photocatalytic degradation of MB are shown in Figure A1.6b, while the rate constants for 

all the samples are listed in Table A1.2. 
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Table A1.2. Photo-degradation rate constants and linear regression coefficients (R2) obtained from the 

linear fitting of the experimental data by using the pseudo-first order model. 

 UV light 

Samples 10-3 k1 (min-1) R2 

MB self-degradation - - 

PMMA - - 

PMMA/ZnO 0.480 0.9969 

PMMA/ZnO – 1 nm Ag 0.329 0.9984 

PMMA/ZnO – 5 nm Ag 0.948 0.9985 

PMMA/ZnO – 10 nm Ag 0.736 0.9964 

The extrapolated k1 values from the slope of the linear pseudo-first equation 

increase from 0.480∙10-3 to 0.948∙10-3 min-1 when the ZnO NPs are in-situ synthesized in 

the composite mat with 5 nm of Ag NPs coating. This enhancement of the rate constant 

when the semiconductor is in contact with the noble metal is consistent with the possible 

formation of Schottky barrier that can trap the photo-excited electrons, promoting thus 

efficient photocatalysis processes. 

A1.4. Conclusion 

A prelaminar study of the effect of different coating thicknesses of silver NPs on 

the photocatalytic degradation performance of a ZnO-based mats has been reported 

under UV light. Photocatalytic degradation experiments performed under UV-vis light 

have not shown significant improvement of the removal of the dye for the absorption of 

the visible component by the formed ZnO-Ag hybrid system. In these experiments, the 

dye self-degradation under the light source has mainly contributed to the MB removal. 

For both the light sources, the presence of a coating of 5 nm of Ag NPs on the PMMA/ZnO 

composite mats results in an improvement of the photocatalytic activity and of the rate of 

degradation of MB. The positive effect of the deposition of Ag on the photocatalytic 

process can be attributed to the formation of Schottky barrier with the in-situ formed ZnO 
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NPs on a polymeric porous matrix. However, one of the problems encountered with the 

deposition of the Ag NPs layer on the surface of the mats by means of SCBD is the total 

loss of the coating during the handling of the samples and, therefore, the loss of the 

improved photocatalytic efficiency of the semiconductor metal oxide. 

 



 

 

Appendix 2. 

Sensitive polymeric coating on a fiber Bragg 

grating for the detection of mercury ions in 

water 

A2.1. Introduction 

Mercury is considered one of the most harmful water pollutants due to its high 

toxicity and high mobility[12]. Besides the natural sources of mercury, its presence in the 

environment is also caused by anthropogenic activity[11,252]. In fact, one of the main 

concerns caused by rapid industrialization is the increase of heavy metal content in water 

resources. Therefore, it is important to develop monitoring systems for fast, selective and 

sensitive detection of mercury ions (Hg2+) in water, in order to control, for example, the 

effectiveness of the water remediation process. Optical fiber sensors are commonly 

employed for monitoring pollution parameters, thanks to their robustness, light-weight 

and high flexibility[253]. The use of polymeric sensitive coatings on the fibers enables the 

development of sensors with specific selectivity toward the desired pollutants, in which 

the polymer can be used as solid support of the active component or directly as the 

chemical transducer[254]. 

A2.2. Experimental methods 
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A2.2.1. Materials 

Poly(vinyl alcohol) (PVA, Mw 146 -186 kDa, 99+% hydrolyzed), citric acid (CA, 

anhydrous), L-Cysteine (CYS, 97%) and Mercury(II) chloride (HgCl2, ACS reagent, 

≥99.5%) were purchased from Sigma Aldrich and used without further purification. The 

fiber Bragg grating on which the sensitive coating was deposited were provided by Dr. 

Stavros Pissadakis and Dr. Mary Konstantaki, of the Institute of Electronic Structure and 

Laser (IESL) in the Foundation for Research and Technology-Hellas (FORTH) at Crete. 

A2.2.2. Preparation of PVA/CA/CYS film 

250 mg of PVA were added in 5 mL of H2O under stirring at 90 °C until its 

complete dissolution. After the solution was cooled to room temperature, 80 mg of CA 

and 100 mg of CYS were added and the clear solution was left to stir overnight. The 

PVA/CA/CYS aqueous solution was deposited via spin coating on a silicon wafer and 

quartz substrate having a surface area of 1.78 ± 0.66 cm2 (1500 rpm, 3 min). Then the films 

were dried at 140 °C for 2 h in order to induce the crosslinking of the PVA chains. To 

deposit the PVA/CA/CYS coating directly on the core of the optical fiber in the region 

without cladding, the optical fiber was dipped in the PVA/CA/CYS solution with a 

constant speed of 0.33 cm/s for three times in order to achieve the desired layer thickness. 

Between each immersion, the core was maintained in the solution for 1 min and then 

pulled upward at the same constant speed and left to dry in air before to start the next 

deposition cycle. After the third dip coating step, the coating on the optical fibers was 

dried at 140 °C for 2 h in a convection oven. To remove any excess of no reacted polymer 

and chemicals, the films were washed in MilliQ water for 2 h. 

A2.2.3. Characterization 

Differential scanning calorimetry (DSC) was performed using a DSC 250 (TA 

Instruments) with a heating rate of 10 °C/min from 20 °C to 180 °C and a cooling rate of 

10°C/min to 20 °C. The water stability of the films was studied monitoring the Total 
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Organic Carbon (TOC) of the solutions by a membraPure uniTOC lab analyzer (details of 

the experiment are clarified in Chapter 4.2.4). The spectroscopic ellipsometry to 

characterize Psi and Delta parameters was performed by using a VASE Ellipsometer (J. A. 

Woollam), following the methodology described elsewhere[255]. Six replicates were 

modeled simultaneously with a Sellmeier model for refractive index (n) and a Tauc-

Lorenz model for the absorption coefficient (k). The thickness of the coating was evaluated 

by atomic force microscopy (AFM) system XE-100 by Park Scientificand scanning electron 

microscope (SEM, JEOL JSM 6490LA). For the AFM imaging, the thickness was measured 

by the average value of step height across a scratch edge made along with the film. The 

images were processed by using the free and open source software Gwyddion. The 

adsorption experiments were performed in 10 mL of Hg2+ aqueous solutions at 10 ppm of 

concentration and the quantitative analysis of the mercury ions is performed using an 

ICP-OES spectrometer (iCAP 6300, Thermo). To perform the analysis, 2.5 mL of aqua regia 

(HCl/HNO3, 3:1) were added to 125 µL of each solution, then the samples were diluted 

with milliQ water up to 25 mL and filtered through polytetrafluoroethylene (PTFE) 

syringe filters (diameter 15 mm, pore size 0.45 μm, Sartorius). The percentage removal 

has been normalized considering the mass of the film on the support. 

A2.3. Results and discussion 

This appendix shows the preliminary results of the fabrication of a polymeric 

matrix as a selective element of an optical sensor for the monitoring of heavy metal ions 

in water. For the development of an eco-friendly light-sensitive coating able to detect 

heavy metal ions in water, different solutions have been investigated. However, only the 

presented material shows the advantageous features needed to prepare a coating on the 

fiber Bragg grating, such as a low refractive index and uniform finish. The suggested 

polymeric coating is prepared starting from a water-based solution, in which CYS is 

added as a sensitive component to mercury ions in water. PVA has been chosen as 
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polymeric support because it is a biodegradable and low cost material, characterized by a 

low refractive index (nD20, 1.4791)[256]. It shows a good chemical resistance and it can be 

easily used to form films with a good mechanical strength[257]. Since the PVA is a water 

soluble polymer, the polymeric chains can be cross-linked in order to obtain water 

stability, by using the conjugate compound formed between CA and CYS[258,259]. The 

crosslinking of the PVA is obtained through a multi-dehydration reaction under high 

temperature[258], as shown in the reaction scheme (Figure A2.1). CYS is added in 1:2 

CA/CYS molar ratio, to have CYS with –SH thiol groups free to interact with Hg2+ ions 

upon adsorption.  

 

Figure A2.1. Reaction scheme for multi-dehydration reaction under high temperature. 

Adapted from reference[258]. 

To optimize the polymer cross-linking, PVA/CA/CYS films before and after the 

thermal treatment are analyzed by DSC. The interpretation of the results obtained from 

the thermal analysis measurement ensures qualitative information about the 

physiochemical variations that occur in the film. In the first heating cycle, it is possible to 

observe a large exothermic peak for the film before the thermal treatment, which is 

remarkable less intense in the DSC curve of the film obtained after the cross-linking by 

the thermal treatment (Figure A2.2). The exothermic peak is still present in the 

PVA/CA/CYS film after the thermal treatment, although it exhibits a smaller residual heat 

and an onset at higher temperature (around 100 °C), due to the partial crosslinking of the 

PVA chains. Since the analyzed sample was treated at 130 °C for 1 h, the temperature of 

the thermal treatment was increased to 140 °C for 2 h, in order to induce a higher cross-

linking. 
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Figure A2.2. DSC data of the PVA/CA/CYS film before and after the thermal treatment. 

The stability in water of the films was monitored analyzing the TOC value of the 

water after the washing to remove the excess of cross-linker and possible PVA not fully 

cross-linked. The TOC value measured using coatings obtained at a higher temperature 

and time of the thermal treatment, after the first washing, is 1.52 ± 0.2 ppm, remarkably 

lower compared to the one obtained with the non-optimized treatment (8.49 ± 1.24 ppm). 

After the second washing step, this value becomes negligible. In fact, during the first 

washing, the thickness of PVA/CA/CYS film, measured by AFM imaging, has reduced of 

around 20% of the initial (from 967.74 ± 47.73 nm to 763.086 ± 37.0 nm) and it is stable after 

the second washing (758.03 ± 48.28 nm). 

The FTIR characterization confirms the multi-dehydration reaction (Figure A2.3). 

In fact, the FTIR spectrum of the PVA/CA/CYS film shows the main absorption peaks of 

PVA and new peaks due to the formation of amides and esters after the crosslinking. New 

absorption peaks at 1713 and 1520 cm-1 are assigned to the C=O and N-H stretching of the 

primary amide, while the peak at 1645 cm-1 is attributed to the tertiary amide C=O 

stretching. In the intense absorption at 1713 cm-1 there is also the contribution of the 

formed esters, in which the signal at lower frequencies can be ascribed to the resonance 

effect of the conjugation. 
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Figure A2.3. FTIR spectra of the PVA/CA/CYS film and of the individual components. 

The heterocyclic compound formed by CA-CYS, which is used as cross-linker, 

induces a blue fluorescence emission of PVA/CA/CYS film when excited by wavelength 

365 nm [259]. In the absorbance spectrum of the film (Figure A2.4a), differentially from 

the absorption spectrum of the pure PVA, a new absorption peak appears at 364 nm which 

is due to n-pi* transition of the CA-CYS compound [258], confirming the crosslinking of 

the PVA. 

 

Figure A2.4. (a) Excitation and emission spectra of the PVA/CA/CYS and (b) SEM image of the 

coating on the optical fiber with fiber Bragg grating. 
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In order to evaluate the use of the composite film as a sensitive coating on optical 

fibers, the adsorption capacity and the variation of the n are evaluated after the adsorption 

of mercury ions from water. The PVA/CA/CYS films adsorb 4.40 ± 0.36 mg of Hg2+ per 

gram of sample. The optical constants (n and k) of the as prepared PVA/CA/CYS film, 

after the water dipping, and after the mercury adsorption are determined by ellipsometric 

measurements. After the first washing, n is not affected, while it is possible to observe a 

remarkable increase in the n value after mercury adsorption, as shown in Table A2.1. This 

variation in n is higher at longer wavelengths (i.e. IR). The change of n after the binding 

of Hg2+ on the PVA/CA/CYS film confirms the potential use of this system as a sensitive 

polymeric coating for the fabrication of a refractive index sensor. 

Table A2.1. Refractive index of the PVA/CA/CYS film measured by ellipsometry at two different 

wavelengths. 

Samples n at 980 nm n at 628 nm 
PVA/CA/CYS film 1.538 ± 2E10-4 1.548 ± 2E10-4 

PVA/CA/CYS film_Hg2+ ads 1.541 ± 2E10-4 1.551 ± 2E10-4 

The optical fibers employed to fabricate the potential sensor for Hg2+ in water are 

fiber Bragg grating, in which the fiber core is photo-imprinted with a periodic pattern, 

inducing a permanent refractive index modulation. This modification of the core of the 

optical fiber leads to the reflection of the light that is propagating along the fiber only in a 

small range of wavelengths for which the Bragg condition is satisfied, while all the others 

are transmitted. The reflected wavelength, called Bragg wavelength (λB), is directly 

proportional to the effective modal refractive index (neff) by the condition λB = 2neffΛ where 

Λ is the Bragg grating period. The binding of specific compounds on the deposited 

sensitive coating on the core of the fiber Bragg grating induces a variation of the coating 

refractive index resulting in a λB shift which is detectable even in case of low-order 

magnitude. This aspect makes the fiber Bragg grating a promising sensing device for 

monitoring low sample concentrations. 

The deposition of the PVA/CA/CYS solution on the fiber Bragg grating support by 

dip coating process is investigated by using different constant dipping speeds without 

observing a significant variation in the thickness of the deposited layer. To obtain the 
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desired thickness on the core of the optical fiber, the substrate is immersed in the 

PVA/CA/CYS solution for three consecutive times, resulting in the formation of a layer of 

a thickness of 972.11 ± 150 nm after the thermal treatment and the washing step (Figure 

A2.4b). 

A2.4. Concluding remarks 

The PVA/CA/CYS coating results stable in water and it can adsorb 4.40 ± 0.36 mg/g of Hg2+ 

from an aqueous solution. At the same time, the refractive index of the grating increases making 

possible their utilization for the mercury ions detection in water. In fact, as a following step, the 

coated fiber Bragg gratings, will be tested as sensors for potential applications in monitoring 

heavy metal ions in water in collaboration with Dr. Stavros Pissadakis and Dr. Mary Konstantaki, 

of the Institute of Electronic Structure and Laser (IESL) in the Foundation for Research and 

Technology-Hellas (FORTH) at Crete, Greece. 
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Appendix 3 

Size control of cerium oxide nanocrystals as 

support for Pt photocatalysts 

A3.1. Introduction 

High level of emissions from industry and motor transport leads to a dangerous 

effect on the air and water quality[260]. It is important to reach highly effective conversion 

of carbon monoxide (CO) to meet the regulations for its emission in air. Therefore, good 

Pt/CeO2 catalysts for CO oxidation are critically needed for improving the catalytic 

converters in exhaust systems of cars[261]. In fact, it has been demonstrated that the 

photocatalytic CO oxidation on Pt can be driven and controlled through the resonant 

photoexcitation of the hybridized electronic states due to the strong chemisorption of CO 

on the supported metal surfaces[262]. The direct photoexcitation mechanism is mediated 

by the metal-to-adsorbate charge transfer mechanism, based on the predominant metal 

and molecular character of the hybridized bonding and antibonding states, respectively. 

The Pt-CO bonds activation with visible photons is the dominant photoexcitation 

mechanism by using Pt NPs smaller than 5 nm, in which the photon absorption occurs at 

the high fraction of surface atoms that are directly bonded to CO, differentially from larger 

NPs where photon absorption occurs mostly at bulk Pt sites. Under the same experimental 

conditions, larger Pt NPs show lower CO oxidation quantum yields compared to sub-5 

nm Pt NPs, due to the spatial separation of the processes of photon absorption and metal-

adsorbate bond photoexcitation[262]. Thanks to these properties, Pt based catalysts are 

widely used to selectively oxidize the CO contaminant in the H2 fuel gas, improving the 

durability of fuel cells[263], since the proton exchange membrane fuel cell (PEMFC) 

performance remarkably decrease due to a poisoning effect on the anode. Recently, 
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PEMFC has become a real alternative to the fossil fuel energy system, due to the zero-

emission and high energy conversion. 

Since reducing the size of the noble metal clusters leads to an improvement of their 

catalytic activity for CO oxidation, it has been recently suggested the preparation of 

thermally stable single atom catalysts dispersed on metal oxide supports[264]. Catalyst 

support plays an important role in CO oxidations as it dictates the catalyst-support 

interactions[265]. Cerium oxide (CeO2) is a promising support material for metal catalysts 

because it prevents the sintering of metal catalysts[266]. Furthermore, CeO2 is able to 

stabilize Pt in the form of isolated atoms, as already observed for other metal oxide 

supports[267,268], by trapping single atoms through covalent bonds[266]. 

A3.2. Experimental methods 

The synthesis steps are adapted by following published method[248] and they are 

conducted by using a standard Schlenk line with dry glassware under nitrogen 

atmosphere. 

A3.2.1. Materials 

Cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O, 99.99%), 1-octadecene (ODE, 

90%), octadecylamine (ODA, 90%) and potassium hydroxide (KOH) were purchased from 

Sigma Aldrich. Oleylamine (Oam, 70%) was purchased from Acros Organics. Hexanes 

(ACS grade), toluene (ACS grade), isopropanol (ACS grade) and ethanol (EtOH, ACS 

grade) were purchased from BDH. 

A3.2.2. Synthesis of the small sized CeO2 NCs batch 

The small sized NCs batch is obtained by combining 2 mmol of Ce(NO3)3·6H2O 

with 20 mmol of Oam and 5 mL of ODE in a 50 mL round bottom flask under continuous 
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magnetic stirring. The mixture is heated to 80 °C and maintained at this temperature for 

1 h in order to dissolve completely the cerium salt and homogenize the solution. The 

solution is then degassed at 120 °C for 1 h under a vacuum pressure below 100 mTorr. 

The temperature is then raised to 250 °C and the solution is aged for 2 h to react. After the 

reaction time is over, the dark brown mixture is cooled in air and 7.5 mL of toluene are 

added to the mixture when the temperature is around 80 °C. The NCs are then purified to 

remove the unreacted cerium salt, surfactant and solvent. The mixture is centrifuged at 

1600 rpm for 10 min and the supernatant is divided in two centrifuge tubes in which 

isopropanol is added with 5 times of the initial volume and centrifuged at 7000 rpm for 

10 min. The precipitated nanocrystals are dispersed with 5 mL of hexane in each 

centrifuge tube, mixed with 2 times of isopropanol and centrifuged at 7000 rpm for 10 

min. The pellets are then dispersed with 5 mL of hexane, yielding a final concentration of 

CeO2 NCs around 60 mg/mL. 

A3.2.3. Synthesis of the medium sized CeO2 NCs batch 

The medium sized NCs batch is synthetized mixing 7.5 mmol of ODA with 7.5 

mmol of Oam with 2.5 mL of ODE in a 50 mL round bottom flask under continuous 

magnetic stirring. The mixture is heated to 75 °C to dissolve the ODA and, when the 

solution is clear, 5 mmol of Ce(NO3)3·6H2O are added and, the mixture is then mixed at 80 

°C for 1 h to homogenize the solution allowing the decrease of the formed purple foam on 

the top of the solution. The solution is then degassed at 120 °C for 1 h under a vacuum 

pressure below 100 mTorr. After the degassing is complete, the solution is heated to 230 

°C for 30 min. The dark brown mixture is then cooled in air and when the temperature 

reaches 80 °C, 4 mL of toluene are added to the mixture. The nanocrystals are washed 

with the same procedure already described previously, yielding a CeO2 NCs final 

concentration of around 180 mg/mL. 
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A3.2.4. Synthesis of the large sized CeO2 NCs batch 

The big sized NCs batch is prepared by mixing 7.5 mmol of ODA with 7.5 mmol 

of Oam with 2.5 mL of ODE in a 50 mL round bottom flask under continuous magnetic 

stirring. The mixture is heated to 75 °C to dissolve the ODA and, when the solution is 

clear, 5 mmol of Ce(NO3)3·6H2O are added, and the mixture is then mixed at 80 °C for 1 h 

to homogenize the solution allowing the decrease of the formed purple foam on the top 

of the solution. The solution is then degassed at 120 °C for 1 h under a vacuum pressure 

below 100 mTorr. After the degassing, 40 mmol of MilliQ water are injected to the reaction 

flask and the solution is heated to 230 °C for 30 min. The dark brown mixture is then 

cooled in air and when the temperature reaches 80 °C, 4 mL of toluene are added to the 

mixture. The nanocrystals are washed with the same procedure already described, 

yielding a CeO2 NCs final concentration of around 100 mg/mL. 

A3.2.5. Size-selective precipitation to improve the particle size 

distribution 

The size distribution of the different batches is narrowed by a post-synthetic 

precipitation method performed on all the three types of CeO2 NCs batches. The CeO2 

NCs dispersion is first centrifuged at 2500 rpm for 5 min to remove possible large unstable 

NPs. Then EtOH, a polar antisolvent, is added dropwise to the NCs dispersion resulting 

in the precipitation of the unstable fraction of the bigger NCs and the dispersion is 

centrifuging at 8000 rpm for 10 min. The supernatant is collected and two times of 

isopropanol are added. After centrifugation at 8000 rpm for 10 min, the pellet is dispersed 

in 5 mL of hexane and another cycle of size-selective precipitation is performed. The 

dispersion is then filtered using a 0.45 μm PTFE syringe filter. 

A3.2.6. Ligand stripping procedure 

The NCs are washed adding two times in volume of EtOH and centrifuged at 8000 

rpm for 10 min. In the scale up version of the ligand stripping procedure, 100 mL of CeO2 
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NCs in hexane (2 mg/mL) are slowly poured on 100 mL of an aqueous solution of KOH 1 

M, forming a two phase mixture. The ligand exchange process, with the subsequent phase 

transfer of the NCs from hexane to the basic aqueous solution, occurs within 20 – 24 days. 

The NCs in the aqueous phase are then washed to remove the excess of ligand and KOH 

by using Amicon Ultra-15 centrifugal filters at 4500 rpm for 15 min for two times. The 

NCs are collected in 3 mL of H2O with a final concentration of around 50 mg/mL. 

A3.2.7. Characterization 

The morphology of the un-doped and doped CeO2 NCs was investigated by a 

transmission electron microscope (TEM, JEOL 2010F) operating at 200 kV accelerating 

voltage. The X-ray diffraction (XRD) analysis was performed on a PANalytical Empyrean 

X-ray diffractometer with 1.8kW CuKα ceramic X-ray tube (λ = 1.5418 Å), PIXcel3D area 

detector (2×2 mm2) and operating at 45 kV and 40 mA. The diffractograms were recorded 

in parallel-beam geometry and symmetric reflection mode, for 2θ range from 20° to 80°. 

Thermogravimetric analysis (TGA) was carried out by Thermal Analysis System TGA 2 

(Mettler-Toledo International Inc.), in an aluminum crucible, under N2 flux with a heating 

rate of 10 °C/min from 25 °C to 600 °C. 

A3.3. Results and discussion 

The study of the role of the nanocrystal size as support for the photocatalytic CO 

oxidation on atomically dispersed Pt requires the preparation of three sub-10 nm CeO2 

NCs batches. The desired nanocrystal sizes are around 4 nm, 7 nm and 9 nm in order to 

have distinguished response variance for the photocatalysis experiments. The adaptation 

of a colloidal synthesis enables the preparation of three types of CeO2 NCs, starting from 

the same cerium precursor, by adding co-surfactants and water. Smaller CeO2 NCs are 

obtained by using a previously reported method[248], which has been successfully 

reproduced, producing pseudo-spherical and uniform CeO2 nanocrystals with an average 

diameter of 3.91 ± 0.48 nm (Figure A3.1a). In the proposed bottom-up approach, the 

molecular units are assembled through the thermal decomposition of the cerium 
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precursor dissolved in a high boiling point and inert organic solvent. The use of an amine 

surfactant allows for non-aggregated nanocrystals with uniform size distribution. In this 

heat-up synthesis, the surfactant, Oam, is a long chain primary alkylamine which is a 

commonly used ligand in colloidal synthesis due to its low cost and high boiling 

point[133]. Oam is in liquid state at room temperature, making it easy to be removed via 

centrifugation from the reaction mixture[133]. 

 

Figure A3.1. TEM images of CeO2 NCs with average diameter of (a) 3.91 ± 0.48 nm, (b) 7.60 ± 1.27 nm 

and (c) 9.28 ± 1.79 nm. The diameter size distribution of the different size batch is shown as an inset. 

Larger CeO2 NCs are synthesized by adapting a synthesis method previously 

reported in the literature[248]. To increase nanocrystal size, the molar ratio between the 

precursor and the ligand has been changed from 1:10 to 1:3, considering the stabilizing 

effect of the ligand involved and to promote the formation of bigger nanocrystals[269]. 

Furthermore, ODA is used with Oam in order to change the synthesis kinetics. As already 

reported, the addition of water in the reaction mixture can help to increase the size of 

nanocrystals[270]. Synthetic adaptations including (i) increasing the reactant mixing time 

in order to better homogenize the system[134], (ii) adding a degassing step which was 

absent in the previous synthesis, and (iii) reducing the reaction time (30 min instead of 1 

h). Specifically, increasing the reactant mixing time prior to raising the temperature to 

degas temperature helps dissolve the thick layer of foam on the top of the mixture 

completely. This leads to an increase in yield of CeO2 nanocrystals (final solution goes 

from 40 mg/mL to 100 mg/mL given the same volume of solutions). The addition of water 

after degassing the reaction flask results in larger CeO2 nanocrystals (9.28 ± 1.79 nm in 
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diameter), which is in good agreement with prior reports[248]. The shape of large 

nanocrystals remains pseudo-spherical, similar to that of the small nanocrystals (Figure 

A3.1). However, a wider size distribution was observed in the large-size synthesis.  

To obtain medium size of CeO2 NCs, we first tried to modify the synthesis method 

of 4 nm CeO2. More specifically, we replaced Oam with a tertiary amine, trioctylamine, to 

reduce the reactivity of the ligand during the nucleation and therefore the synthesis 

kinetics[271]. The obtained nanocrystals show a pseudo-spherical shape and an average 

diameter of 5.31 ± 1.13 nm, however the colloidal dispersion in hexane is not stable due to 

the steric hindrance of trioctylamine, causing a slow aggregation and precipitation of the 

CeO2 NCs. Due to the precipitation issue, the synthesis with trioctylamine ligands was not 

adopted to make medium size. In the development of the 9 nm synthesis, the effect of 

adding different amounts of water in the reaction mixture is investigated (comparing no 

water, 20 mmol of water, and 40 mmol of water). The medium CeO2 NCs with an average 

diameter of 7.60 ± 1.27 nm are obtained by using the 9 nm synthesis with no addition of 

water (Figure A3.1b). The addition of 20 mmol of water enables the preparation of pseudo-

spherical CeO2 NCs with 7.74 ± 1.21 nm of average diameter. The addition of 40 mmol 

water results in CeO2 NCs with an average diameter of 9.28 ± 1.79 nm (Figure A3.1c). 

All the prepared samples show diffraction peaks at 2θ values of 28.46°, 33.08°, 

47.38°, 56.23°, 76.53° and 78.92° (Figure A3.2b) which match to the cubic fluorite structure. 

No other crystalline impurities are observed. The average crystallite sizes of CeO2 NCs, 

according to Debye-Scherrer formula for the stronger peak (111), are 4.25 nm, 7.34 nm and 

8.69 nm for the small, medium and large CeO2 NCs. In order to efficiently remove the 

ligand via KOH reaction to have a phase transfer of NCs from nonpolar to polar solvent, 

it is important that the amount of Oam and Oam/ODA in the colloidal dispersion in 

hexane is around 10%. Prior to the ligand stripping procedure, the amount of ligand 

adsorbed on the NCs surface is measured by TGA. The thermogravimetric profiles show 

two different weight losses in addition to the loss at around 100 °C which can be attributed 

to the loss of physically adsorbed water (Figure A3.2a). The first weight loss at around 260 

°C can be attributed to the decomposition of free Oam in the dispersion, whereas the 
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second weight loss at 460 °C can be attributed to the decomposition of the adsorbed Oam 

on NCs. The weight loss of the adsorbed ligand in the range from 325 °C to 520 °C is of 

12.24 wt%, 9.05 wt% and 6.37 wt% for the small, medium and large CeO2 NCs, 

respectively. The excess of free Oam in the colloidal dispersion after applying the size 

selective precipitation to CeO2 NCs, is removed with another cycle of purification with 

EtOH before to start the ligand stripping procedure. 

 

Figure A3.2. (a) TGA curves and (b) XRD patterns of the different CeO2 NCs batch. Stick reference 

pattern of CeO2 is shown along x-axis. 

A3.4. Concluding remarks 

Pseudo-spherical CeO2 NCs with tunable sizes are prepared by adapting a 

colloidal synthesis approach. A phase transfer from hexane to water is obtained with a 

KOH ligand stripping. The prepared CeO2 NCs will be used as support of atomically 

dispersed Pt catalyst, by the group of Prof. Phillip Christopher, (Department of Chemical 

Engineering in the University of California at Santa Barbara). Pt will be prepared by a wet 

impregnation technique[264,272], in which [Pt(NH3)4]2+ complexes are deposited via 

strong electrostatic adsorption onto CeO2 NCs, reducing the cluster formation. The 

photocatalytic experiments will be performed in Harrick High Temperature Reaction 

chamber, in which a quartz window is added for the catalyst bed illumination[262], in 

order to evaluate the size effect of the used support for the CO oxidation. 
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