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EXTENDED ABSTRACT  

The process of waste valorization, which involves converting trash materials 

into valuable resources, is particularly relevant in today's world, given the pressing en-

vironmental and economic challenges. Current research focuses on the valorization of 

diverse waste streams: steel slags from metallurgical production, cigarette butts, and 

invasive tunicates from aquaculture for producing cellulose.  

Steel slags were utilized as support for copper and iron oxide catalysts, thanks 

to their alkaline features. The Cu/Steel Slags catalysts showed high activity in the re-

duction of nitroarenes in water in the presence of sodium borohydride as the reducing 

agent at room temperature. The FeOx/Steel Slags catalysts were employed in the cata-

lytic transfer hydrogenation of nitrobenzene in the presence of isopropanol as the hy-

drogen source, without adding any external base, such as potassium or sodium hy-

droxide.  

Concerning the valorization of cigarette butts, cellulose acetate was success-

fully recovered from them using inexpensive and sustainable solvents, such as water, 

NaCl solution and ethanol. An optimized purification protocol was developed, yielding 

high-purity cellulose acetate suitable for reuse in polymer applications.  

Furthermore, in the framework of invasive tunicate valorization, an innovative 

and sustainable protocol for efficient extraction of cellulose from them was developed. 

The species under study, Clavelina oblonga, was subjected to acidic deep eutectic sol-

vent (DES) treatment by using choline chloride and oxalic acid in 1:1 molar ratio under 

microwave irradiation obtaining purified cellulose having proprieties comparable to 

those observed by using conventional extractive procedures based on toxic and expen-

sive reagents.  

 

Waste valorization, steel slags, catalysts, cellulose acetate, tunicates 
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SUMMARY 

Nowadays, the accumulation of waste has reached unprecedented levels, giv-

ing rise to significant environmental, social and economic concerns. Waste valorization, 

as a crucial process in sustainable development, is gaining increasing attention as a 

solution to the mounting challenges associated with waste generation and resource 

depletion. This process transforms waste into valuable resources such as energy, 

chemicals or alternative materials, thereby minimizing environmental impacts and pro-

moting a circular economy. 

The aim of the present work is the valorization of three different kinds of wastes: 

industrial steel slags, municipal cigarette butts and natural wastes of tunicates to obtain 

valuable advanced materials and catalysts. 

The first chapter provides an analytical review of the literature on waste valori-

zation and a general characterization of wastes. Different types of wastes such as in-

dustrial (steel slag), municipal (cigarette butts) and natural (tunicates) trashes were 

considered as promising for valorization process to produce valuable recycled prod-

ucts. In particular, the use of steel slag as a catalyst is reviewed. Existing methods for 

the recovery of cellulose acetate from cigarette butts are also presented. In addition, 

methods for obtaining high quality nanocrystalline cellulose from invasive tunicate spe-

cies are discussed. 

Chapter 2 presents the study of steel slags, an industrial by-products of steel 

production. The study focuses on the characterization of the chemical and physical 

properties of steel slags in order to evaluate their potential as catalyst support material. 

Copper and iron oxide steel slag-based catalysts were synthesized by minimizing the 

reagents used. Characterization techniques such as X-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM) 

were used to elucidate the elemental composition, phase structure and surface mor-

phology of obtaining catalyst. The resulting steel slag-based catalysts were tested in 

the hydrogenation of nitroarenes, demonstrating the catalytic activity of steel slag, 

which can serve as an effective and sustainable alternative to traditional catalyst sup-

ports. 
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The third chapter is devoted to the development of cost-effective and green 

purification methods for recovering cellulose acetate from cigarette filters. Considering 

the toxicity of cigarette filters, the chapter highlights the potential of cellulose acetate 

recovery as a resource for materials applications. A multi-stage extraction and purifi-

cation protocol using deionized water, sodium chloride (NaCl) and ethanol solutions 

were developed to systematically remove organic and inorganic contaminants. Char-

acterization techniques, such as FT-IR and TGA, were used to verify the quality and 

purity of the recovered cellulose acetate. The study evaluated the effectiveness of dif-

ferent solvents and purification parameters to optimize cellulose acetate recovery. 

Chapter 4 explores the extraction of cellulose from the invasive marine obsidi-

ans Clavelina oblonga, a unique animal source of nanocrystalline cellulose. Cellulose 

from tunicates is positioned as a promising material with superior properties for high 

performance applications, while addressing the environmental challenges posed by in-

vasive tunicates species. The extraction method was based on the use of deep eutectic 

solvents (DES), an environmentally friendly alternative to conventional extraction meth-

ods. This chapter compares DES-based extraction with traditional alkaline and bleach-

ing methods. 

The final chapter 5 outlines the experimental protocols used in the synthesis, 

purification, and testing of the materials and catalysts discussed in previous chapters. 
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1. STATE OF THE ART  

1.1. Circular economy and waste valorization  

The circular economy concept emerged and gained popularity in the late 1970s 

as a departure from the traditional linear economic model of "take, make, waste" 
1

. 

Various authors have defined the circular economy. For example, the Ellen MacArthur 

Foundation described it as "an industrial economy that is restorative or regenerative by 

intention and design" 
2

, while Geng and Doberstein 
3

, focusing on the Chinese imple-

mentation, characterized it as the "realization of a closed-loop material flow in the entire 

economic system." Nevertheless, the current model aims to decouple economic growth 

from the consumption of finite resources, minimizing waste and maximizing resource 

efficiency through a closed-loop approach as depicted in Fig. 1.1. This involves three 

key principles: eliminating waste and pollution, keeping products and materials in use, 

and restoring natural systems 
4

. Among all principles, the United Nations Economic 

Commission for Europe (UNECE) highlights waste valorization as a key factor in ad-

vancing the circular economy 
5

. 

 
Fig. 1.1 Schematic representation of different economies types  

 

Waste valorization has gained prominence as an alternative to waste disposal 

and landfill, offering the potential to transform traditionally discarded waste into useful 

materials, energy, or products 
6

. Waste valorization can be divided into three main cat-

egories, which represent different approaches to converting waste into valuable re-

sources. 
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Material recovery is the extraction, reuse and recycling of materials from waste. 

It is the most direct form of waste valorization, where discarded materials are pro-

cessed by mechanical processes and returned to the production cycle, thus avoiding 

the need for virgin raw materials. Material recovery focuses on the reuse of valuable 

components such as metals, plastics, paper and textiles 
7

. As example, Barragan et. all 

successfully recovered high-purity copper from electronic waste through a combination 

of mechanical shredding and chemical leaching with a recovery rate of 96%, contrib-

uting to the efficient recycling of valuable metals from e-waste 
8

.  

Chemical valorization refers to the conversion of waste materials into valuable 

chemicals or bio-based products through chemical reactions. This process is particu-

larly useful for organic waste, plastic waste and other complex materials that are not 

easily recycled by mechanical processes. Chemical valorization often involves tech-

niques such as pyrolysis, gasification and fermentation, which break down waste ma-

terials into simpler compounds that can be used as feedstocks for industrial processes 

or energy generation.  

Energy recovery is the process of converting waste materials into energy, typ-

ically in the form of electricity, heat or biofuels. This category is particularly important 

for waste streams that cannot be easily recycled or valorized into materials or chemi-

cals. Energy recovery technologies aim to extract the energy contained in waste mate-

rials, which would otherwise be lost, and return it to productive use 
9

. 

However, despite its relevance and potential applications, the implementation 

of waste valorization is constrained by several obstacles. The implementation of an 

effective valorization system requires substantial investment in infrastructure, including 

the installation of sorting lines, processing plants, and logistics chains. Additionally, the 

prices of secondary raw materials can fluctuate, creating risks for investors and com-

plicating long-term planning. Moreover, the production of products from virgin raw ma-

terials often remains more economically viable than from secondary raw materials due 

to established processing chains, readily available virgin resources, and higher quality. 

Effective waste valorization necessitates careful sorting aiming at separating different 

materials, which is challenging and costly, particularly in the presence of contaminants 
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and composites. It is not always possible to process all waste streams effectively using 

existing technologies. Overcoming these barriers requires a comprehensive approach, 

including the introduction of economic incentives, technological advancements, a 

strengthened legislative framework, and the promotion of circular economy principles. 

One of the most important initiatives in waste management is the Waste Frame-

work Directive (Directive 2008/98/EC)
10

, which serves as the fundamental legal instru-

ment governing waste management in the European Union. This directive establishes 

essential definitions such as waste, recycling and recovery, as well as defining basic 

principles designed to mitigate the negative impacts of waste generation and disposal 

on human health and the environment. The Waste Framework Directive (WFD) is based 

on the promotion of the circular economy paradigm, which views waste not simply as 

a by-product of consumption, but as a potential resource to be reintegrated into the 

production cycle.  

 

Fig. 1.2 Waste management hierarchy in Waste Framework Directive 
10

 

 

The directive (Fig. 1.2) introduces the waste hierarchy, a system of priorities 

that includes waste prevention, followed by preparation for reuse, recycling, other re-

covery methods (e.g. energy recovery) and, only as a last resort, disposal. This hierar-

chical approach is designed to encourage waste reduction at the outset and improve 

resource efficiency. 
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1.2. Steel slags 

Steel slag is a complex by-product solution of silicates and oxides generated 

during the steelmaking process when impurities are separated during melting process 

of raw materials like iron ore, coke, and limestone in furnaces. During this process, 

impurities such as silica, alumina, and other oxides combine with fluxes to form slag, 

which floats on the surface of the molten steel and can be removed. 

1.2.1 Classification of Steel slags  

The chemical and physical properties of steel slag vary significantly depending 

on the specific steelmaking technology employed. These variations arise from the in-

herent differences in each process, resulting in types of steel slag with unique proper-

ties and corresponding applications. Steel slag can therefore be classified into 3 main 

categories (Fig.1.3): Basic Oxygen Furnace Slag (BOF), Electric Arc Furnace Slag (EAF) 

and Ladle Furnace Slag (LFS), each with its own characteristic composition and appli-

cations. 

 

Fig. 1.3 Generation of various slags from the steel industry
11

 

Basic Oxygen Furnace (BOF) Slag is produced during the primary steelmaking 

process where oxygen is blown into molten iron in the basic oxygen furnace to reduce 

carbon content and remove impurities. This type of slag is typically dense and highly 

alkaline, containing a large amount of calcium oxide (CaO) (Table 1.1). In addition, BOF 

slag generally contains significant amounts of iron oxides (FeO, Fe2O3) and silicon 



Waste Valorization for Sustainable Advanced Materials and Catalysts 

7 

 

dioxide (SiO2), and less amounts of manganese, phosphorus, and sulphur compounds. 

The high compressive strength of BOF slag making it suitable for use in road construc-

tion, as an aggregate in asphalt and concrete, and in soil stabilization.  

Electric Arc Furnace (EAF) Slag is generated during the steelmaking process in 

electric arc furnaces, where scrap steel is melted using electrical energy. This type of 

slag is more variable in composition, depending on the types of scrap used. EAF Slag 

is subdivided into 2 different categories: EAFC: (Electric Arc Furnace Slag from Carbon 

Steel production) and EAFS: (Electric Arc Furnace Slag from Stainless Steel produc-

tion). EAF slag typically has a lower iron content than BOF slag but is still rich in calcium 

oxide and silicates, making it an excellent construction material, particularly in road 

bases and asphalt mixtures. Also it often contains higher levels of aluminum oxides 

(Al₂O₃) and magnesium oxides (MgO), which enhance its durability. Depending on the 

intended steel quality (carbon steel or stainless/high alloy steel) 

Ladle Furnace Slag (LFS) is a by-product of the secondary steel refining pro-

cess, where molten steel is further treated in a ladle furnace to adjust its chemical 

composition, removing impurities like sulphur and adjusting the alloy content. Ladle 

furnace slag tends to be more fine grained and contains higher levels of alumina 

(Al₂O₃), magnesium oxide (MgO), and calcium fluoride (CaF₂), which is used as a flux 

in this refining step. Due to its finer particle size and different mineralogy, LFS is often 

utilized in cement manufacturing as a raw material or clinker substitute. However, it is 

less frequently used in structural applications compared to BOF or EAF slag due to its 

higher flux content. 
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Table 1.1. Chemical Composition Range of Steel Slags
12

 

Components 

Basic oxygen fur-

nace 

Electric arc furnace 

(carbon steel) 

Electric arc furnace 

(alloy/stainless) 

Ladle 

SiO2 8–20 9–20 24–32 2–35 

Al2O3 1–6 2–9 3.0–7.5 3–15 

FeO 10–35 15–30 1–6 0.1–15 

CaO 30–55 35–60 39–45 30–60 

MgO 5–15 5–15 8–15 1–10 

MnO 2–8 3–8 0.4–2 0–5 

TiO₂ 0.4–2 N/A* N/A* N/A* 

S 0.05–0.15 0.08–0.2 0.1–0.3 0.1–1 

P 0.2–2 0.01–0.25 0.01–0.07 0.1–0.4 

Cr 0.1–0.5 0.1–1 0.1–20 0–0.5 

*Not available 

The percentage of slag production is directly influenced by the steelmaking pro-

cess. The average slag generation amounts to 110 kg/ton of steel for the Basic Oxygen 

Furnace (BOF), 70 kg/ton for the Electric Arc Furnace (EAF), and 40 kg/ton for the Ladle 

Furnace (LFS) processes 
13

. Despite generating significantly more slag waste (>52% 

of the total), the BOF remains a prevalent steel production method in Europe (see 

Fig.1.4) 

 

Fig. 1.4 Steel slag type distribution in European countries in 2018
 14
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1.2.2 Application of Steel Slags waste material 

Recent study of Chandel et al. 
13

 shows that most of the steel slag finds its 

application in various fields (Fig.1.5). Approximately 48% of all slag is utilized in road 

construction, while 15% is used for internal storage. Other applications include cement 

production (6%), metal production (8%), and fertilizer (3%). A small percentage (1%) 

is employed in hydraulic engineering, and the remaining 6% is used for diverse pur-

poses. However, a substantial portion of steel slag remains in internal storage (15%) 

and is ultimately destined for final disposal (13%). 

 

Fig.1.5 Schematic representation of steel and steel slag application in various sectors 
13

 

 

Despite its potential applications, steel slag poses significant environmental 

hazards if not managed responsibly (Fig.1.6). The primary negative impact stems from 

the leaching of heavy metals like chromium, lead, and zinc into soil and water, contam-

inating ecosystems and potentially entering the food chain, affecting both wildlife and 

human health
15

. Furthermore, steel slags are highly alkaline due to their high content of 

CaO and MgO. When leached into the groundwater, they can increase the pH value of 

the groundwater up to 10.4-11.8, increasing the levels of calcium, chromium, and flu-

oride 
16

. Additionally, dust generated during the handling and processing of steel slag 

can contain harmful substances, contributing to air pollution. 
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Fig.1.6 Schematic illustration of of landfilled steel slag effect on the environment, possible reaction and 

corresponding pH values 
13

 

1.2.3 Catalytical application of Steel Slags 

Recent studies have demonstrated the significant potential of steel slag in ca-

talysis, particularly after undergoing various modifications. Wang et al. 
17

 arranged 

these modifications into five categories: Acid modification, Alkali modification, High 

Temperature Activation Modification, Compound modification, and Physical modifica-

tion. A detailed breakdown of this classification follows: 

Acid modification involves the chemical reaction of steel slag with an acidic 

solution, resulting in the release of soluble salts. This process alters the structure of the 

steel slag, increasing its specific surface area and pore size, thereby enhancing the 

contact surface between the steel slag and the reactant, ultimately improving its cata-

lytic performance. 

Large amounts of CaO in the steel slag composition inhibit nucleation of the 

crystalline phase 
17

. The addition of an alkali modifier can counteract the inhibitory effect 

owing to the formation of substances that are insoluble or slightly soluble in Ca(OH)2, 

increasing the specific surface area, pore size, and number of catalytic active sites in 

the steel slag. 

High-temperature activation modification involves heating the steel slag to ele-

vated temperatures, which can decompose active components, producing finer and 

more catalytically active transition metal oxide grains. Thereby, this process can alter 

the crystal structure of the slag and modify its surface properties. 
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Compound modification involves mixing one or more materials with steel slag 

in specific proportions, followed by additional modification treatments. 

Physical modification involves mechanical activation to grind steel slag into 

smaller particles, reducing its average particle size. This milling process can induce 

lattice distortion, local damage, and various defects within the steel slag, leading to an 

increase in its specific surface area and the number of catalytic active sites, ultimately 

enhancing its catalytic activity. 

Regardless of the modification method, modified steel slags can effectively cat-

alyze various chemical processes, including oxidation 
18

, biomass pyrolysis 
19, 20, 21

, 

catalytic cracking 
22

, and transesterification 
23, 24

. For example, Okoye et al. 
23 

utilized LF 

slag modified with 1-15 wt.% NaOH (Alkali modification) to catalyze the transesterifi-

cation reaction between glycerol and dimethyl carbonate, producing glycerol carbonate. 

Ca(OH)2 from the slag reacted with glycerol to form calcium diglyceroxide and a small 

amount of water. Under reaction conditions of 75°C, a DMC-to-glycerol molar ratio of 

2, and 3 wt.% catalyst, the LF slag modified with 10 wt.% NaOH achieved a glycerol 

conversion of 99% and a GC yield of 97%.  

Kholkina et al. 
21

 utilized steel slag as a precursor for novel catalytic materials, 

modifying it with various structure-modifying agents (alkali modification): sodium hy-

droxide (NaOH), ethylenediaminetetraacetic acid (EDTA), and tetraethylammonium hy-

droxide (TEAH). These modifications resulted in increased porosity and surface area, 

enhancing the catalytic performance of the steel slag. The resulting catalysts signifi-

cantly influenced the yield and composition of bio-oil produced from pinewood pyroly-

sis. Guo et al. 
25

 employed steel slag calcined at 800°C as a catalyst for the reforming 

of biomass pyrolysis tar (high-temperature activation modification), achieving a high 

conversion rate of 94.1% and a significant syngas yield. 

Chen et al. 
26

 synthesized a Ni/steel slag catalyst using the impregnation method 

for sludge steam gasification (compound modification). At 900°C, with a steam flow 

rate of 1.5 g/min and 20% Ni loading, the catalyst significantly increased hydrogen yield 

by 60.15% compared to raw sludge gasification, producing 45% hydrogen in the gas 

mixture. 
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Fusco et al. 
27 

deposited nanostructured Pd onto steel slag, composed solely of 

CaAl2O4 and Fe3O4, for photocatalytic conversion of CO2 and water into hydrogen and 

methanol (compound modification). The study successfully converted CO2 into formic 

acid through photoreduction, followed by its decomposition into hydrogen and metha-

nol under mild thermal conditions. 

Recent studies have even demonstrated the potential of unmodified steel slag 

as a catalyst 
22, 28, 29, 30

. Casiello et al. 
29

 employed steel slag as a heterogeneous catalyst 

in the transesterification of soybean oil (Fig.1.7), achieving a high yield of fatty acid 

methyl esters (FAMEs) under optimized reaction conditions without any pretreatment.  

 

Fig. 1.7 Transesterification of triglycerides for the production of biodiesel (FAMEs) 
29

 

 

Kar et al.
 22

 utilized blast furnace slag (BFS) as a catalyst for the catalytic crack-

ing of used frying sunflower oil. The rich metal oxide content of BFS effectively pro-

moted the cracking process, giving yield of 82.53 wt.% in organic liquid product with 

excellent fuel properties comparable to diesel fuels. Roushdy et al. 
30

 investigated the 

use of electric arc furnace (EAF) steel slag as a heterogeneous catalyst for biodiesel 

production from waste sunflower cooking oil.  The researchers achieved a 94% bio-

diesel yield under the following conditions: a methanol-to-oil molar ratio of 20:1, a cat-

alyst loading of 5%, and a reaction temperature of 55.5°C for a reaction time of 1 hour. 

1.3. Cigarette butts 

Every year, an estimated 4.5 trillion cigarette butts (CBs) are discarded, making 

up 22-46% of visible litter in urban areas. This poses serious ecological risks due to 

their non-biodegradable composition and the leaching of toxic chemicals into the 
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environment 
32, 33

. Firstly, CBs leach toxic substances, including nicotine, heavy metals 

such as Al, Ba, Cd, Cr, Cu, Fe, Pb, Mn, Ni, Sr, Ti, Zn, and polycyclic aromatic hydro-

carbons (PAHs), into the surrounding soil and aquatic ecosystems, exacerbating envi-

ronmental contamination
 34

. Secondly, cigarette filters themselves contain a complex 

mixture of over 5,000 chemicals, including nicotine, metals, PAHs, benzene, phenols, 

pesticides, carbon monoxide, nitrogen oxides, ammonia, and aldehydes 
37

.  Among 

these, at least 150 compounds are recognized for their carcinogenic and mutagenic 

effects, with 44 commonly found in elevated concentrations 
35

.  

Table 1.2. List of main identified pollutants in cigarette butts 
36

 

Categories Sample 

Metals Al, Br, Cd, Cr, Cu, Zn, Fe, Mn, Pb, Ni 

Cyclic compounds Floren, phenanthrene, anthracene, pyrene, chrysanthemum,  

benzoalphapyrene, benzobetafurane 

Toxics Nicotine, cyanide 

Other compounds Carbon and metal nanoparticles, radioactive elements such as 
210

Po 

Cellulose acetate (CA), a semi-synthetic polymer, has been widely utilized in 

the production of cigarette filters since 1950s 
38

. Currently, cigarette filter contains ap-

proximately 95% of cellulose acetate fibers. This is dictated by good mechanical prop-

erties of the fine CA fibers which are bundled and bonded using triacetin (glycerol tri-

acetate) as a plasticizer 
39

. However, CA fibers also contribute to their environmental 

persistence, making them resistant to degradation by natural processes. For instance, 

the ultraviolet light can break down CA filters into smaller components, these compo-

nents can persist in the environment for over a decade 
40

. Consequently, the recovery 

of cellulose acetate from CBs represents a crucial environmental initiative to mitigate 

the pervasive problem of cigarette waste. 

1.3.1 Cellulose acetate  

The synthesis of cellulose acetate typically involves reacting purified cellulose 

with acetic anhydride in the presence of a catalyst, such as sulfuric acid or perchloric 
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acid
 41

. This reaction results in the substitution of the hydroxyl groups in the cellulose 

molecule with acetyl groups (Fig. 1.8).  

 
Fig. 1.8 Scheme of cellulose acetate synthesis 

The degree of substitution (DS) can be controlled by adjusting the reaction con-

ditions. Such as a higher DS indicates a greater number of acetyl groups per glucose 

unit in the cellulose chain, which in turn affects the solubility, melting point, and me-

chanical properties of the resulting cellulose acetate. For instance, cellulose acetate 

with a DS of 2-2.5 is soluble in organic solvents like acetone, dioxane and methyl ace-

tate 
42

, higher acetylated types are soluble in dichloromethane 
43

 and lower DS (0.4–

0.9) cellulose acetates may exhibit water solubility 
44

. 

CA exhibits a glass transition temperature ranging from 180 °C to 200 °C and 

melting temperature within the range of 230–250 °C, which makes it suitable for ther-

moplastic processing. The material also possesses good tensile strength and flexibility, 

attributes that are advantageous for producing fibers and films. Biocompatibility of cel-

lulose acetate's makes it suitable for various medical applications, including dialysis 

membranes, drug delivery systems, and tissue engineering scaffolds. For instance, di-

alysis membranes made from cellulose acetate are used in hemodialysis to remove 

waste products from the blood of patients with renal failure 
45

. In drug delivery, cellulose 
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acetate can be applied into core–shell nanoparticles that control the release rate of 

therapeutic agents, enhancing the efficacy and safety of medications 
46

. 3D printed tis-

sue engineering scaffolds fabricated from cellulose acetate provide a supportive matrix 

for cell attachment and proliferation, aiding in the regeneration of damaged tissues 
47

.  

1.3.2 Valorization of cellulose acetate from cigarette butts 

Recycled cellulose acetate materials from cigarette butts can be used for dif-

ferent application as support material for bricks 
48

, modifier for asphalt concrete 
49

, 

sound absorbing material 
50

, and nonwoven material for surface water treatment 
51

. 

Therefore, a lot of research on the valorization of cellulose acetate from cigarette filters 

has focused on destructive methods such as pyrolysis to produce carbon material 
52

, 

53, 54

. In addition, other research works are devoted to obtaining nanofiltration mem-

branes for selective separation from purified cellulose acetate 
55, 56

.  

All the listed studies mainly refer to the production of materials and additives. 

Laurenza et al. 
57

 demonstrated the possibility of obtaining  levulinic acid from cellulose 

acetate by means of a one-pot hydrothermal process carried out at 200 °C for 2 h and 

catalysed by phosphoric acid. Figure 1.9 represents the main reaction of the one-step 

synthesis, displaying the maximum yield of 43.9% in levulinic acid  

at 240 °C. 

 

Fig.1.9 One-step synthesis of levulinic acid from cigarette filters 57 

1.3.3 Cellulose acetate recovering methods 

Non-destructive methods for cleaning CA fiber typically involve multiple se-

quential cleaning in an aqueous solution, followed by washing in an organic solvent, 

most often ethanol. For instance, Ogundare et al.
. 58

 extracted CA by washing in water, 

ethanol and subsequent bleaching. Separated from paper and tobacco CF have been 

soaked and washed with water, and extracted with ethanol 20 mL/g for 24 h at room 
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temperature. After obtained cellulose acetate was bleached using 1.25 w/v% NaOCl 10 

mL/g for 6 h at room temperature. 

Benavente et al. 
59 studied the extraction of heavy metals from cigarette butts 

using aqueous solutions of 5% NaCl, 5% NaAc, and 0.02% H2SO4. After three extrac-

tions with absolute ethanol, the samples were further extracted three times with the less 

polar organic solvents diethyl ether and hexane. The results indicated that the acidic 

solution was most effective for extracting Al, Fe, Cu, Zn, Ba, and Pb, while the NaCl 

solution was most efficient for extracting Mn and Sr. In turn, De Fenzo et al. 
60

 suggested 

a method for extracting CA from cigarette butts involving washing them in hot water at 

50°C for 60 minutes, followed by three cold water washes. To remove potential organic 

compounds, the butts were then washed twice in 99% ethanol. Finally, the obtained CA 

samples were dried in an oven at 60°C for 60 minutes. The authors concluded that the 

quality and properties of the extracted and purified CA were comparable to those of 

pure CA fiber. 

The study of Arroyo et al. 
61

 showed the extraction of CA using a Soxhlet ex-

traction process involving a 1:1 mixture of toluene and ethanol for 5 hours of reflux. 

This process effectively eliminated nicotine and other organic components.  The ex-

tracted CA was then dried and dissolved in acetone for 30 minutes at room temperature 

with stirring. The solution was subsequently precipitated in distilled water, filtered, and 

dried at 45°C. In a more recent study, De Cesaris et al. 
62

 proposed a simplified cleaning 

method for CA filters. This method involves washing the dirty CA with hot water at 90-

100°C for 15 minutes, followed by washing in 96% ethanol at 58-68°C for another 15 

minutes. Approximately 200 mL of each solvent was required for every 1.5 g of CA 

filters. The cleaned filters were then dried in an oven at 30°C for 1 hour. 

1.4. Tunicates 

Tunicates are marine invertebrates exhibiting a fascinating diversity of forms 

and functions belonging to the family Ascidiacea under the subphylum Urochordata, 

phylum Chordata. Tunicates with approximately 3000 recognized species worldwide 

play a crucial role in marine ecosystems 
64

. 
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Tunicates are classified into three primary classes: ascidiacea, thaliacea, and 

appendicularia. Ascidiacea are sessile organisms that attach to surfaces like rocks, 

shells, or man-made structures (Figure 1.10a). They can be solitary or colonial. 

Thaliacea, or salps, are pelagic tunicates known for their transparent, barrel-shaped 

bodies and rapid population growth in nutrient-rich waters, often forming long chains 

through asexual reproduction (Figure 1.10b). Appendicularia, also known as 

larvaceans, are small, free-swimming organisms that retain their tail and notochord 

throughout their lives. They are less diverse but widely distributed in the world's oceans, 

contributing to the formation of marine snow and the movement of organic matter 

through the water column (Figure 1.10c). 

 

 
Fig. 1.10 Types of tunicates: a - Ascidiacea, b - Thaliacea, c - Appendicularia 

 

All tunicates share a common body plan characterized by a sac-like structure 

wrapped in a tough outer covering called the tunic (Fig.1.11). Tunic is a hierarchical 

complex of cellulose and protein 
69

, consisting of a thin, dense outer layer and a thick 

inner layer of fibers. It consists of approximately 60% cellulose 
70

 approximately 40% 

protein and trace amounts of lipid components and ash.  

a b c 
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Fig. 1.11 General structure of ascidians 
65

 

 

Particularly invasive tunicate species (such as example Styela clava, Ciona in-

testinalis, Botrylloides violaceus and Botryllus schlosseri) pose a significant threat to 

local ecosystems and aquaculture, often introduced through shipping or aquaculture 
66

. 

Such species disrupt the existing marine environment by competing with native species 

for resources. Therefore, this contributes to ecological imbalances (the biodiversity and 

sustainability of local fisheries) and poses significant challenges for marine industries 

(reduction of productivity and increase maintenance costs). 

 

1.4.1 Clavelina oblonga 

Clavelina oblonga is considered an invasive species in many parts of the world 

(Fig. 1.13) due to its ability to form large, dense colonies that can outcompete native 

species for space and resources. The genus Clavelina is distinguished by the elongated 

and tubular shape of its zooids, typically ranging from 1.5 to 3 cm in length, with a 

transparent tunic that reveals the internal anatomy of the organism 
67 

(Fig. 1.12). Such 

tunicate is widely distributed in subtropical and tropical marine environments, espe-

cially in shallow coastal areas, attaching to rocks, coral reefs, mangrove roots and 
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artificial substrates such as piers and ship hulls. It is commonly found in the western 

Atlantic, from the North Carolina coast to the Caribbean Sea, and populations have also 

been recorded in the Gulf of Mexico 
71

(Fig.1.13). However, recent decades Clavelina 

oblonga has been introduced in the Mediterranean (Ordóñez 2016) and in the Adriatic 

Sea 
72

, thereby adapting to lower temperatures. 

 

 

Fig. 1.12 Clavelina obolonga a)colonia 
67

 b) zood 
72 

 

 

Fig. 1.13 Habitats of Clavelina oblonga tunicates 
67

 

1.4.2 Application of tunicates cellulose  

Tunicates are the only known animal source of nanocrystal cellulose 
68

. More-

over, crystallinity of tunicate cellulose is over 85%, which is higher than other cellulose 

sources (Table 1.3). Ascidian tunic is a hierarchical complex composed of cellulose 

and protein, composed of a thin, dense outer layer and a thick inner layer of 
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fibers. About 60 % of it is cellulose, roughly 40 % is protein and extremely small 

amounts of lipid components and ash 
73

. The exact cellulose content depends on the 

tunicate species (Table 1.4). 

Table 1.3. Differences of cellulose from different sources 
75 

 

Among the studied shell types, the highest cellulose content is 57.67% in the 

outer tunic of Styela plicata tunicate. The cellulose content of Halocinthia roretzi species 

is also high at 52.59%, while Ascidia sp. and Ciona intestinalis contain only 37.57% 

and 37.29% cellulose, respectively.  

 

Table 1.4. General chemical compositions of the outer shells of tunicate species 
74

 

 

Tunicate cellulose offers several advantages over traditional plant-derived cel-

lulose, including higher crystallinity, superior mechanical properties, and smaller nano-

crystal size, making it a sought-after material for various applications. Such properties 

of tunicate nanocellulose find application in important fields such as tissue engineering, 

drug delivery, optics, flexible electronics, etc (Table 1.5). 
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Table 1.5. Applications of tunicate nanocellulose 
75

 

Application area Specific application Advantages 

Biomedicine Tissue engineering; 

Drug delivery; 

Wound healing 

Provide an ideal microenvironment 

for cell adhesion, growth, reproduc-

tion and differentiation;  

Provide excellent encapsulation of 

specific cells 

Energy and elec-

tronics 

Flexible electronics; 

Fuel cell and ionic 

conductive materials; 

Responsive optical 

materials 

Higher in-plane thermal conductivity;  

Better mechanical properties;  

Optical properties 

Polymer rein-

forced materials 

Enhancement of polyi-

mide, poly (vinyl ace-

tate), polyvinyl alco-

hol, etc. 

Better mechanical properties, water 

absorption properties, barrier proper-

ties and thermal properties 

Food packaging Renewable and biode-

gradable green pack-

aging materials 

Better mechanical properties and 

thermal 

stability; 

Environmental protection and recy-

clable performance;  

High transparency and excellent oxy-

gen barrier properties 

Paper industry Paper additive Better tear index, tensile index, and 

breakage 

Environmentally 

friendly materials 

Porous fiber media to 

treat air 

Better filtration efficiency 

 

Huang et al. 
77 

obtained tunicate cellulose nanocrystals (TCNCs) modified filter 

papers to efficiently separate oil/water mixtures and emulsions, exhibiting superhydro-

philic/underwater superoleophobic surface and excellent stability. Zhang et al. 
76

 pre-

pared highly flexible paper-like materials of polypyrrole (PPy) and tunicate cellulose 

nanocrystals (T-CNs) nanocomposites with high electrical conductivity values and 

good mechanical properties. These films have interesting properties that may find ap-

plications such as sensors, electronic devices, antistatic and anticorrosive nanocoat-

ings and flexible electrodes. The study of Huang et al. reported 
78

 the top-down 
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fabrication of biodegradable multilayer tunicate cellulose films with controlled mechan-

ical properties, providing a potential solution for environmental pollution caused by non-

degradable waste plastics. The as-prepared MTCFs exhibited improved thermal stabil-

ities, excellent mechanical properties, and good degradability in natural soil. Mi-

crobeads of alginate and tunicate cellulose nanofibrils (CNF) were prepared by Kjesbu 

et al 
79

. Such beads can be used for the encapsulation of cells and hence have the 

potential for use in both cell therapy and tissue engineering applications. Cui et al.
80

 

designed hydrogel artificial muscles that can mimic the properties of natural muscles, 

with potential applications in biomedical fields. Tunicate cellulose nanocrystals 

(TCNCs) are incorporated into polymeric networks via host–guest interactions to rein-

force the hydrogel. These hydrogel muscles exhibit a high actuation rate, large actuation 

strain, and shape memory property. 

 

1.4.3 Extraction of cellulose from tunicates 

Numerous studies 
81, 82, 83, 84, 85, 86, 87

 have explored the cellulose extraction from 

tunicates. They can be classified into two categories: two-step and three-step treat-

ments. The two-step purification consists of an alkaline treatment (deproteination) step 

in the presence of NaOH or KOH and a bleaching step with the addition of H2O2, NaClO2 

or mixtures of NaClO/CH3COOH and NaClO2/CH3COOH. The three-stage purification 

consists of prehydrolysis in the presence of H2SO4, followed by kraft cooking with 

NaOH/Na2S, and finally by bleaching in the presence of NaClO. Comparison of methods 

for purification of cellulose from tunicates was not possible because many authors did 

not specify yields and parameters of the purified product.  

Two-step treatments 

Yuan et al. 
81

 prepared cellulose whiskers from the mantle of tunicate Halocyn-

thia roretzi. The mantle material was treated by 5% (w/w) NaOH and a mixture of 

0.3%(w/w) NaClO2 in 0.1 M acetate buffer (pH=4.5) with a ratio of 50:50(v/v) succes-

sively. Then the cellulose material was treated with 50% H2SO4 at 70 °C for 8 h.  

Shanmuganathan et al. 
82

 obtained Cellulose Whiskers from Styela clava tunics. 

The tunicates separated from internal organs were washed thrice in 5% KOH solution 
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for 24 h at 80 
o

C. Cellulose whiskers were washed in 5% KOH solution for 24 h at 80 

o

C. Afterwards, the cellulose was bleached in the presence of sodium hypochlorite and 

acetic acid solution with hourly addition of fresh reagents until complete bleaching.  

Zhang et al. 
83

 extracted cellulose from tunics of Halocynthia roretzi Drasche by 

alkaline treatment and bleaching process. Tunics has been washed in 5 wt% NaOH 

solution during 24 h at 80 °C. Subsequently, product was bleached using 4 wt% H2O2 

solution for 3 h at 80 °C. Then cellulosic material was functionalised by hydrolysis 

using sulphuric acid.  

Darpentigny et al. 
84

 also obtained Cellulose nanocrystals from the mantle of 

Halocynthia roretzi tunicate using a two-step treatment. Deproteinisation was carried 

out in 1N NaOH solution with further bleaching in 0.3% NaClO2. The purified cellulose 

particles were further subjected to acid hydrolysis in 50 wt% sulphuric acid at 50 °C for 

20 h with stirring. The obtained nanocellulose crystals had a high crystallinity of 94%.  

Three-step treatments 

Dunlop et al. 
85

 extracted nanocrystal cellulose from Styela clava. The dried 

tunic powder has been treated in 5 wt. % NaOH at 80 °C for 24 hours (Fig. 1.13). Then 

cellulose material was bleached with NaClO2 powder and glacial CH₃COOH for 1 hour 

at 60 °C whereupon fresh reagents were added three times every 1 hour. Yield of cel-

lulose after deproteinization procedure was 31%. Next bleached tunic powder was hy-

drolyzed to T-CNCs by adding five liters of 64 wt% H2SO4 for 2 hours at 45 °C. 

 

Fig. 1.13 Flowchart for isolation of cellulose nanocrystals from tunicates 
85
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Zhao et al. 
86

 isolated cellulose from four types of tunicates: Ciona intestinalis 

(CI), Ascidia sp.(AS), Halocynthia roretzi (HR) and Styela plicata (SP). Separated tunics 

has been milled to powders and conducted 3 step treatment (fig. 1.14): prehydrolysis 

processed in 1% H2SO4 at 180
o

C with kraft cooking in mixture (9%/3%) of NaOH and 

Na2S at 180
o

C and final bleaching in 3% NaClO at 75
o

C. The production yields of chem-

ically pure cellulose following the sequence were 12.35%, 2.54%, 20.99% and 23.92 

% for CI, AS, HR and SP, respectively. 

 

Fig 1.14 Scheme of the tunicate cellulose preparation 
86 

 
Dunlop et al. 

87

 extracted Celulose nanocrystals (CNC) from invasive Ciona in-

testinalis and Styela clava tunicates by same prehydrolysis-kraft cooking-bleaching 

method as depicted on Fig.1.15. The average yields of CNC obtained are ~44% for 

Ciona intestinalis and ~32% for Styela clava tunicates. 

 

Fig 1.15 Producing nano crystals of cellulose from tunicates 
87

 

 
Despite the ability of the purification methods to yield high-quality cellulose, 

they all share a significant drawback: the need for manual separation of mantles from 
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the internal organs of tunicates. This limitation hinders the large-scale production of 

high-quality nanocellulose from tunicates. 

 

1.5. Conclusions 

Waste valorization, an essential process within the field of sustainable develop-

ment, has received increasing attention as a solution to the growing challenges posed 

by waste generation and resource depletion. As global populations and consumption 

rates continue to rise, the accumulation of waste keeps increasing, leading to environ-

mental, social, and economic implications. Waste valorization addresses these issues 

by transforming waste materials into valuable resources, such as energy, chemicals, 

or alternative materials, thereby minimizing environmental impact and promoting circu-

lar economies. Different types of wastes such as industrial (steel slags), municipal 

(cigarette butts) and natural (tunicates) were considered as promising for valorization 

process to high added value products. 

Steel slags can be valorized in the field of catalysis due to their high metal con-

tent and their strong alkaline features, that can be employed to catalyze several organic 

reactions useful for the synthesis of chemicals and fine chemicals (intermediates to 

produce drugs, dyes, phytochemicals and so on). 

Another noteworthy item in the framework of waste valorization concerns cig-

arette butts, which are composed of 95% cellulose acetate polymer. The significance 

of collecting and recycling this particular waste is largely attributed to the detrimental 

environmental impact of cigarette butts, including the leaching of toxic organic pollu-

tants and metals, as well as microplastic contamination. Furthermore, the recovery of 

cellulose acetate through economically and environmentally sound treatment will result 

in a material suitable for a multitude of applications.  

The production of high-quality cellulose from invasive types of tunicates, which 

are wastes from aquaculture farming, is also of interest in the field of waste treatment. 

Therefore, the current research challenge aimed to identify an efficient, environmentally 

friendly method for extracting valuable cellulosic material. 
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2. STEEL SLAGS BASED CATALYSTS  

2.1. Steel Slags characterization 

Sample of steel slag was collected from a waste disposal site at a steel plant 

Acciaierie d'Italia (Taranto, Italy). The original heterogeneous mixture of the steel slag 

(fig. 2.1a) was sieved through an 80-mesh sieve. A fraction of 0.177 mm size was 

subsequently used in experiments (Fig. 2.1b). 

Fig. 2.1 Steel slag a) before sieving b) after sieving 

2.1.1 Elemental analysis  

The chemical composition of steel slag was determined by Portable X-ray flu-

orescence analysis (PXRF). As can be seen from Table 2.1, the main components of 

the slag are calcium (28.9%) and iron (17.6%), as well as small amounts of manganese 

(4.4%) and silicon (3.4%). In addition, minor contents (<1%) of chlorine, titanium and 

chromium were found. 

Table. 2.1 Elemental analysis of steel slag by PXRF  

Element Ca Fe Mn Si Cl Ti Cr 

Content, 

%w 

28.90  

± 2.22 

17.62  

± 2.03 

4.44  

± 0.45 

3.36  

± 0.16 

0.72  

± 0.06 

0.14  

± 0.02 

0.09 

± 0.01 

X-ray diffraction analysis (XRD) was applied to determine the phase composi-

tion. The XRD pattern was done within the range of 2θ=11-80 deg. (Figure 2.2). It 

should be noted that the superimposition of the multiphase data based on Ca, Fe and 
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Si prevented the effective separation of the diffraction peaks to analyze data with quan-

titative results. Thus, the main phases within the Steel Slag were qualitatively deter-

mined as Larnite (Ca2SiO4), Brownmillerite (Ca2(Al,Fe
3+

)2O5), Calcite (CaCO3), Portland-

ite (Ca(OH)2), Dolomite (CaMg(CO3)2). Moreover, a minor inclusions of Quarts (SiO2) 

and Hematite (α-Fe2O3) were also detected based on the low intensity within the XRD 

pattern. 

 
Fig. 2.2 XRD patterns of Steel slags waste material 

Such phases like larnite, brownmillerite, calcite, dolomite and hematite formed 

during the initial formation and cooling of the slag material after a steel making process 

88

. In contrast, the formation of portlandite was related to Steel Slag storage and weath-

ering conditions since the typical form of calcium in steel slag is CaO 
89, 90

 (3.1). 

These phases are likely formed due to the reaction: 

CaO (s) + H2O → (CaOH)2 (s)    (3.1) 

The FT-IR spectra of Steel Slags in the range of 400 to 4000 cm
-1

 illustrated in 

Fig. 2.3 display hydroxyl stretching vibrations from calcium hydroxide within the first 

peak at 3640 cm
-1

 
91

. Furthermore, the absorption band at 1417 cm
-1

 is attributed to the 
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C─O bond. Peaks at 875 cm
-1

and 712 cm
-1

 correspond to vibrations of the CO3

2-

 ion in 

calcite 
91, 92

.  

  

 

Fig. 2.3 ATR-FT spectra of Steel Slag  

EDX-mapping technique was applied to analyze the distribution of the elements 

of Steel Slag and to identify the morphology of the present compounds (Fig. 2.4). The 

results showed that the slag particles based on calcium included irregular distribution 

of iron, silicon, manganese, magnesium, and aluminum inclusions on their surface. 

The distribution of oxygen follows that of calcium, indicating a prevailing volume of 

calcium-containing compounds, such as calcium carbonate or calcium oxide. 
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Fig. 2.4 EDX-mapping of Steel slags 

 

TGA/DSC analysis of Steel slags were performed in nitrogen flow in temperature 

range from 25 to 1000 
o

C with ramp 10 
o

C/min. Typical TGA-DSC-DTG curves (Fig. 

3.5) display four zones of mass loss corresponding to DTG peaks at temperatures of 

105°C, 420°C, 625°C and 825°C. The first mass loss of 3.4% in range 25-380
o

C is 

attributed to the evaporation of sorbed moisture and interlayer/crystallized water). The 

most intense DTG peak at 420°C is related to the decomposition of the portlandite phase 

93, 94

 to calcium oxide (3.2) with 3% of mass loss. A minor mass loss of 1.54% was 

observed at 625 °C due to the decomposition of the CaCO3 (3.3) 
95, 96, 97

. The last peak 

at 825 °C with mass loss of 0.42% presented due to the decomposition of the sodium 

carbonate (3.4) 
98

.  

Ca(OH)2 (s) → CaO (s) + H2O (g)    (3.2) 
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CaCO3 (s) → CaO (s) + CO2 (g)    (3.3) 

Na2CO3 → Na2O +CO2    (3.4) 

 

Fig. 2.5 TGA-DSC-DTG curves of Steel Slag  

FESEM image of steel slag shows a heterogeneous Steel Slag structure with a 

wide range of particle sizes, as presented in Fig.2.6. The surface of Steel Slag is rough 

with the presence of a large loose porous structures. This structure is advantageous 

for a contact (adhesion) between reactants and Steel Slag, which in turn can improve 

the catalytic activity. 

 

Fig. 2.6 FESEM micrographs of Steel slags waste material 
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Fig. 2.7 TEM micrographs of Steel Slags waste material 

 

2.2. Synthesis of Cu/SteelSlags catalyst 

One of the common and simple methods for the synthesis of transition metal 

nanoparticles is mixing the metal salt with alkali to produce metal hydroxide and 

followed by reduction to metal. For instance, Q. M. Liu 
99

 reported that a method 

for the synthesis of copper nanoparticles is the addition of NaOH to the CuSO4 

solution until pH = 11 for obtaining copper hydroxide (3.5), which is easy to re-

duce to Cu
0

 (3.6) by sodium borohydride (NaBH4) water solution (3.7): 

CuSO4 + 2NaOH → Cu(OH)2 + Na2SO4   (3.5) 

NaBH4 + 2H2O → 4H2 + NaBO2   (3.6) 

Cu(OH)2 + H2  → Cu + 2H2O    (3.7) 

The present steel slag contains a high quantity of portlandite (Ca(OH)2), which 

interacts with copper sulphate in an exchange reaction of Ca
2+

 and Cu
2+

 ions with for-

mation of copper hydroxide and calcium sulphate (3.8). Therefore, the synthesis of 

copper nanoparticles on steel slag does not require any additional alkali. 

Ca(OH)2 + CuSO4 →Cu(OH)2 + CaSO4   (3.8) 

The Cu/SteelSlags catalysts precursors were synthesized by the impregnation 

method. Detailed synthesis conditions are described in the experimental part. Briefly, 

80 mesh steel slag powder was mixed with aqueous solution of copper sulphate 
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pentahydrate and stirred intensively at 40
o

C for 2 hours After solid part was then sepa-

rated by centrifugation, washed with deionized water and dried in oven at 80
o

C. A com-

plete list of catalysts and synthesis conditions is given in Table 3.1. 

 
Fig. 2.8 Scheme of synthesis of Cu/SteelSlags precursor  

Eleven catalysts were synthesized with variation of the following parameters: 

concentration of Cu on steel slag (10%, 15% and 20%), reduction of Cu method (with-

out pre-reduction, NaBH4 reduction and calcination in H2), synthesis time (2 or 15 

hours) and additional ultrasonic treatment (Table 2.2).  

Table 2.2 Synthetized copper catalyst 

Sample name Description 

10Cu/SS_pr 10%Cu/SteelSlags precursor 

10Cu/SS_calc 10%Cu/SteelSlags cat. reduced by calcination in H2 at 300
o

C 

10Cu/SS_NaBH4 10%Cu/SteelSlags cat. reduced by NaBH4 

15Cu/SS_pr 15%Cu/SteelSlags precursor 

15Cu/SS_calc 15%Cu/SteelSlags cat. reduced by calcination in H2 at 300
o

C 

15Cu/SS_NaBH4 15%Cu/SteelSlags cat. reduced by NaBH4 

20Cu/SS_pr 20%Cu/SteelSlags precursor 

20Cu/SS_calc 20%Cu/SteelSlags cat. reduced by calcination in H2 at 300
o

C 

20Cu/SS_NaBH4 20%Cu/SteelSlags cat. reduced by NaBH4 

15Cu/SS_pr_15h 15%Cu/SteelSlags precursor with mixing time 15h 

15Cu/SS_pr_u.s. 15%Cu/SteelSlags precursor with ultrasonic pretreatment 
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2.3. Catalytical tests of Cu/SteelSlags catalyst in hydrogenation of nitroarenes 

2.3.1 Hydrogenation of nitroarenes  

Nitroarenes represent a versatile class of aromatic compounds characterized 

by the presence of one or more nitro groups (-NO₂) attached to an aryl ring. The reduc-

tion of nitroarenes to amines is a key step in the synthesis of numerous commercially 

important compounds. Aniline, the simplest aromatic amine, is a precursor of a variety 

of industrial chemicals, including polyurethane foams, dyes, and rubber processing 

chemicals. Additionally, more complex nitroarenes are used in the production of phar-

maceuticals such as paracetamol (acetaminophen), which is synthesized from 4-nitro-

phenol via reduction to 4-aminophenol 
100

. In agrochemicals, nitroarene reduction is 

used to synthesize herbicides and insecticides, while in the dye industry, aniline deriv-

atives serve as the basis for a wide range of azo dyes, which are used to color textiles, 

leather, and plastics 
101

. 

The reduction of nitroarenes can be achieved through various catalytic and non-

catalytic processes, utilizing a variety of reducing agents (Scheme 2.1). 

 

 
Scheme 2.1 General scheme of nitroarenes reduction 

 

Nitrobenzene reduction can be proposed for two different routes (Scheme 2.2). 

In the direct route (black), the nitro compound is reduced to the corresponding nitroso, 

aryl/alkylhydroxylamine and finally aniline. In the condensation route (blue), the nitroso 

is condensed with N-aryl/alkylhydroxylamine species to give the corresponding azoxy 

intermediate. This is then converted to azo-, hydrazo- and finally aniline. 
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Scheme 2.2 Haber mechanism of nitrobenzene reduction:  

black – direct route, blue – condensation route 

 

An important element in the reduction of nitroarenes is the source of hydrogen, 

as used hydrogen gas, sodium borohydride (NaBH4), silyl hydrides, hydrazine hydrate, 

and alcohols such as glycerol or isopropanol in combination with alkaline agents 
102

. 

Sodium borohydride (NaBH4) is a versatile and mild reducing agent which is also widely 

used to reduce nitro compounds to amines. Under aqueous or protonic solvent condi-

tions, it slowly hydrolyses to form H2 with the formation of non-toxic sodium borate as 

a by-product. Transition metal-based catalysts can greatly accelerate these reaction 

(3.6). NaBH4 is preferred in reactions where sensitivity or selectivity is required as it 

operates under mild conditions 
103

. 

 

 
Scheme 2.3 Nitroarene reduction with NaBH4 reducing agent 

 

Noble metal catalysts, particularly those based on platinum 
104

, palladium 
105

, 

rhodium 
106, 107

 have been extensively used in the reduction of nitroarenes. These metals 

can activate molecular hydrogen (H2) and facilitate its transfer to the nitro group.  
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However, the high cost and limited availability of noble metals such as palla-

dium and platinum have driven interest in developing catalytic systems based on more 

abundant transition metals 
108

, such as iron 
109

, nickel 
110

, cobalt 
111

 and  

copper 
112, 113, 114

. 

 

2.3.2 Preliminary catalytic tests 

Preliminary catalytic tests were carried out on the reaction of nitrobenzene re-

duction at room temperature (RT) using 15Cu/SS_pr as catalyst and sodium borohy-

dride (NaBH4) as hydrogen donor. Three different solvents were also tested: diethyl 

ether (Et2O), a 1:1 mixture of diethyl ether and deionized water (Et2O/H2O) and deionized 

water (H2O). As it can be seen from Table 2.3, the reaction proceeds significantly faster 

in water due to the high solubility of sodium borohydride in polar solvents. For this 

reason, water was chosen as the solvent for the subsequent reactions. 

 

Table 2.3. Preliminary catalytic tests for the reduction of nitrobenzene 

 

Then catalyst and NaBH4 loading were varied to determine the optimum reaction 

conditions (Table 2.4). 

 

 

 
  

Entry Catalyst weight, 

mg 

Solvent Volume, 

ml 

NaBH4, 

mmol 

Time, h Yield, % 

1 100 Et2O 5 10 6 64 

2 100 Et2O 5 10 12 98 

3 100 Et2O/H2O 5/5 10 6 73 

4 100 Et2O/H2O 5/5 10 12 95 

5 100 Et2O/H2O 2.5/2.5 10 6 98 

6 100 H2O 5 10 6 >99 

7 100 H2O 5 5 3 >99 
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Table 2.4. Optimization of reaction conditions  

 

The optimal reaction conditions were established: 0.5 mmol of nitrobenzene 

reacted in presence of 50 mg of catalyst, 3 mmol NaBH4 in 5 ml H2O during 2 h at RT. 

 

Scheme 2.4 Optimal reaction condition 

After determining the optimal reaction conditions for 15Cu/SS_prec, the follow-

ing catalysts were tested under the optimal condition. 

 

Table 2.5. Catalytical test for different catalyst (reaction conditions reported in Scheme 2.4) 

Entry Catalyst weight, mg NaBH4, mmol Time, h Yield, % 

1 100 5 3 >99 

2 50 5 3 >99 

3 30 2 1 33 

4 50 2 1 42 

5 30 2 3 51 

6 30 1 1 34 

7 50 3 1 51 

8 50 3 2 >99 

9 30 3 2 18 

10 40 2 2 66 

11 40 3 2 79 

Entry Catalyst  Catalyst 

weight, mg 

NaBH4, 

mmol 
Time, h Yield, % 

1 Steel Slags 50 3 2 0 

2 10Cu/SS_pr 75 3 2 59 

3 10Cu/SS_calc 75 3 2 64 

4 10Cu/SS_NaBH4 75 3 2 79 

5 15Cu/SS_pr 50 3 2 >99 
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As can be seen from the Table 2.5, Steel Slag doesn’t demonstrate catalytic 

activity in the nitrobenzene reduction process. For samples containing different 

amounts of copper (10, 15 and 20 %), the mass of catalyst for the reaction was taken 

proportionally based on the calculated Cu content. For those catalysts containing 10% 

copper, the lowest activity was found, due to the pH being too high (>12) in the pre-

cursor synthesis process, thus affecting the formation of particles of the active com-

ponent. Besides, increasing the synthesis time of the catalyst in case 15Cu/SS_pr_15h 

a bit decreased in activity, whereas pretreatment of the steel slag solution with ultra-

sound more significantly decreased the activity of the catalyst in the test reaction. 

To determine the difference for catalysts with different concentrations, 

10Cu/SS_pr, 15Cu/SS_pr and 20Cu/SS_pr catalyst precursors were additionally tested 

for one hour (Table 2.6).  

 
Table 2.6. Catalytical test for catalysts with different concentrations (reaction conditions re-

ported in Scheme 2.3) 

 

To evaluate the effect of reduction method on catalytic activity, precursor with-

out pre-reduction, catalyst reduced in H2 atmosphere at 300
o

C were tested in reaction 

for one hour. Thus, the yield of the aniline in the reaction with H2 reduced catalyst was 

Entry Catalyst  Catalyst 

weight, mg 

NaBH4, 

mmol 
Time, h Yield, % 

6 15Cu/SS_calc 50 3 2 >99 

7 15Cu/SS_NaBH4 50 3 2 >99 

8 20Cu/SS_pr 37.8 3 2 >99 

9 20Cu/SS_calc 37.8 3 2 >99 

10 20Cu/SS_NaBH4 37.8 3 2 >99 

11 15Cu/SS_pr_15h 50 3 2 94 

12 15Cu/SS_pr_u.s. 50 3 2 43 

Catalyst  Catalyst weight, mg NaBH4, mmol Time, h Yield, % 

10Cu/SS_pr 75 3 1 32 

15Cu/SS_pr 50 3 1 51 

20Cu/SS_pr 37.8 3 1 63 
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only a bit higher compared to the sample without preliminary reduction. This is probably 

due to the formation of larger copper particles caused by the high temperature. 

Table 2.7 Catalytical test for catalyst with different reduction method (reaction conditions re-

ported in Scheme 1) 

 

Since the difference in activity between the catalyst pre-reduced by NaBH4 and 

the unreduced precursor is only 20%, the expense of time and sodium borohydride for 

pre-reduction was not justified. Based on the above results, 15%Cu/SteelSlags_prec. 

resulted the most effective among the series of catalysts synthesized. In further testing 

and characterization this sample will be referred to as Cu/SteelSlags precursor. 

In the case of catalyst precursors, the reduction of Cu
+2

 to the active form Cu
0

 

occurred under the presence of hydrogen produced by NaBH4 in the reaction condi-

tions. In this case, the visual change indicating the phase transition of the copper ions 

occurred in two stages (Fig. 2.9). In the first stage, the grey particles of the catalyst 

precursor changed the color of the solution to brown, associated with the formation of 

fresh Cu
0

 particles 
115, 116

. After some time, the particles agglomerated into larger parti-

cles with a color change to black and the reaction mixture became transparent again. 

 

 

Fig. 2.9 Reduction of Cu
2+

 to Cu
0
 during reaction with Cu/SteelSlags catalyst precursor  

Catalyst  Catalyst weight, mg NaBH4, mmol Time, h Yield, % 

15Cu/SS_pr 50 3 1 47 

15Cu/SS_NaBH4 50 3 1 71 

15Cu/SS_calc 50 3 1 51 
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2.3.3 Recyclability test  

Recyclability test was carried out at room temperature in round flask equipped 

with a magnetic stirrer and a gas bubbler in the presence of 2.0 mmol of nitrobenzene, 

6.0 mmol of NaBH4, 200 mg of Cu/SteelSlags catalyst precursor and 10 ml of H2O. 

After each cycle of reaction, the catalyst was washed 3 times with distilled water and 

methanol, and dried at 80°C and used for a subsequent run. As can be seen from the 

diagram (Fig. 2.10), the catalyst showed maximum product yield over two reaction 

cycles with a slight decrease in activity to 97% over the next three cycles. 

 

Fig. 2.10 Results of cycling test during 5 cycles of nitrobenzene reduction 

The significant mass loss 27% after the first cycle is attributed to the process 

of copper reduction from hydroxides and carbonates. In addition, besides the active 

component, NaBH4 is able to reduce sulphates in the catalyst precursor, which also 

reduces the mass of the catalyst. The subsequent mass reduction after each cycle was 

less significant and related to the recovery procedures. 

2.3.4 Hydrogenation of nitroarenes 

 
Scheme 2.5 Reduction of halo-nitoarenes catalyzed by Cu/SteelSlags precursor 
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Table 2.8 Reduction of halo-nitroarenes catalyzed by Cu/Steel Slags precursor 

 

The nature of the halogen has a significant effect on the reaction rate. For the 

most commonly iodinated nitroarenes, hydrodehalogenation is significantly more rapid 

than for Br, Cl or the less reactive F 
108

. Therefore, the reduction of 4-iodonitrobenzene 

occurred significantly faster, but with low selectivity. Noticeable 4-Fluoronitrobenzene 

was also rather quickly reduced to the corresponding amine, which may be related to 

the liquid state of the substrate and, consequently, to the larger contact area in the two-

phase system. 

Furthermore, catalyst was tested in reduction reactions of various substituted 

nitroarenes (Scheme 2.6).  

 

 
Scheme 2.6 Reduction of nitoarenes catalyzed by Cu/SteelSlags precursor 

 

As can be seen from the Table 2.9, the Cu/Steel Slags precursor demon-

strated high activity in the reduction of nitroarenes independent of the substituted group 

and its position. 

 

Table 2.9 Hydrogenation of nitroarenes catalyzed by Cu/Steel Slags precursor 

Entry Substrate Product Time, h Yield, % 

1 2-Nitrotoluene 2-toluidine 1 >99 

2 3-Nitrotoluene 3-toluidine 2 >99 

3 4-Nitrotoluene 4-toluidine 2 >99 

Entry Substrate Product Time, h Yield, % 

1 4-Fluoronitrobenzene 4-Fluoroaniline 2 >99 

4 4-Chloronitrobenzene 4-Chloroaniline 3 >99 

3 4-Bromonitrobenzene 4-Bromoaniline 4 >99 

4 4-Iodonitrobenzene Aniline 2 >99 
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Entry Substrate Product Time, h Yield, % 

4 2-Nitroanisole 2-anisidine 2 >99 

5 3-Nitroanisole 3-anisidine 2 >99 

6 4-Nitroanisole 4-anisidine 2 >99 

7 1,2-Dinitrobenzene 1,2-Diaminobenzene 2 51 

 

2.4. Characterization of Cu/Steel Slag catalysts 

2.4.1 Elemental analysis 

Elemental composition analyses of the steel slag, the Cu/steel slag precursor 

and the catalyst after the cycles were determined using the PXRF method. Table 2.10 

demonstrates calcium content is almost halved (from 28.9% to 15.97%) during the 

synthesis of the catalyst precursor. It is related to the exchange and substitution reac-

tions that occur during the interaction of steel slag and copper sulphate. In addition, the 

calcium content continues to decrease slightly during the use of the catalyst. This may 

be due to leaching of calcite during the reaction process.  Significantly, the copper 

content increases slightly. 

 
Table 2.10 Results of PXRF analysis 

Content, 

%w Steel Slags 

Cu/Steel Slags pre-

cursor 

Cu/Steel Slags  

after 1 cycle 

Cu/Steel Slags  

after 5 cycles 

Ca 28.90 ± 2.22 15.97 ± 0.94 15.88 ± 0.16 10.45 ± 0.30 

Fe 17.62 ± 2.03  14.06 ± 0.68 17.37 ± 0.22 17.64 ± 0.82  

Si 3.36 ± 0.16 1.81 ± 0.17 2.89 ± 0.04 3.06 ± 0.02 

Mn 4.44 ± 0.45 3.64 ± 0.20 4.39 ± 0.06 4.28 ± 0.15  

Cl 0.72 ± 0.06 0.12 ± 0.01 0.08 ± 0.00 0.10 ± 0.00 

Ti 0.14 ± 0.02 0.11 ± 0.01 0.15 ± 0.01 0.15 ± 0.01 

Cr 0.09 ± 0.01 0.05 ± 0.00 0.08 ± 0.00 0.07 ± 0.00 

S - 5.87 ± 0.17 0.53 ± 0.03 0.20 ± 0.02 

Cu - 13.65 ± 0.75 14.13 ± 1.32 15.98 ± 1.19 
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2.4.2 FT-IR analysis 

The FT-IR spectra of steel slags, the Cu/Steel Slags precursor, the Cu/Steel 

Slags catalyst after 1 cycle, and the Cu/Steel Slags catalyst after 5 cycles were analyzed 

in the range of 400 to 4000 cm-1 and are illustrated in Fig. 2.11. 

 
Fig. 2.11 Comparison of FT-IR spectra of Steel Slags (black), Cu/Steel Slags precursor (red), Cu/Steel 

Slags catalyst after 1
 
cycle (blue), Cu/Steel Slags catalyst after 5

 
cycles (green) 

 

Peaks related to steel slag are described in detail in Chapter 2.1. For all four 

samples absorption band at 1417 cm
-1

 is attributed to the C─O bond, and peak at 875 

cm
-1

and correspond to vibrations of the CO3

2-

 ion in calcite 
91, 92

. In addition, two unique 

peaks observed for Cu/SS precursor. Intense peak at 1105cm
-1

 applies vibration of S–

O 
117,118 

 to indicates the formation of a gypsum phase during the reaction (2.7). Second 

peak at 603 cm
-1

 due vibration of Cu–O demonstrates the presence of the CuO  

phase 
119, 120

. However, this peak is absent in samples after the catalytic reaction, which 

may indicate for full reduction of copper oxide to copper nanoparticles by NaBH₄ during 

the rection cycles. 
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2.4.3 Phase composition 

The XRD diffractograms of Steel Slag, Cu/Steel Slags precursor and Cu/Steel 

Slags catalyst after 1 cycle are presented in Fig.2.12.  

 

  
Fig. 2.12 XRD patterns of Steel Slags (black), Cu/Steel Slags precursor (red) and 

Cu/Steel Slags after 1 cycle (blue) 

 

Larnite and Brownmillerite are the solid base of the catalyst and retained after 

the addition of Cu. However, diffractogram exhibits the absence of discernible peaks 

corresponding to crystalline Cu
0

, CuO, and CuOH phases. This, coupled with a high 

degree of background noise, suggests these phases are present in an amorphous form. 

The amorphous nature of these phases is likely attributed to the significant concentra-

tion of CaO and CaOH within the steel slag matrix, which may hinder the formation of 

ordered crystalline structures. 
121

 In the case of the Cu/Steel Slags precursor, the for-

mation of 3 new phases is observed.  Thus, the formation of gypsum (CaSO4) occurs 

due to the reaction of sodium hydroxide with copper sulfate (2.7), which is also con-

sistent with the FTIR results. A Juangodoyite (Na2Cu(CO3)2) phase 2was also detected, 

which could have been formed during a complex reaction (2.9): 
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2NaOH + CaMg(CO3)2 + CuSO4 → CaSO4 + Na2Cu(CO3)2 + Mg(OH)2  (2.9) 

 
The phase composition of the three samples described above is summarized 

in Table 2.11. 

 
Table 2.11 The presence of phases in the catalysts  

 

2.4.4 EDX-mapping 

From the EDX mapping images it can be assumed that larnite is the main carrier, 

since the dislocation of copper particles coincides with the dislocation zones of Ca, Si 

and O. The Cu/SteelSlags precursor EDX images (Fig. 2.13) indicate the presence of 

sulfur, thus confirming the presence of the gypsum phase. However, no sulfur was 

detected for samples recovered after the first and fifth catalytic cycles, confirming the 

FTIR data on the transformation of copper sulfate to sodium sulfate (2.8), followed by 

removal during washing. 

Phase Formula Steel Slags Cu/SteelSlags 

precursor 

Cu/SteelSlags 

after 1 cycle 

Larnite  Ca2SiO4 + + + 

Brownmillerite  Ca2(Al,Fe
3+

)2O5 + + + 

Calcite  CaCO3 + + + 

Portlandite  Ca(OH)2 + - - 

Dolomite CaMg(CO3)2 + - - 

Quartz  SiO2 + - - 

Hematite  α-Fe2O3 + - - 

Gypsum CaSO4·2H2O - + - 

Iron (III) Hydroxyde  Fe(OH)3 - + - 

Juangodoyite Na2Cu(CO3)2 - + - 

Tenorite  CuO - - + 
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Fig. 2.13 EDX-mapping of Cu/Steel Slags precursor 
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Fig. 2.14 EDX-mapping of Cu/Steel Slags catalyst after 1 cycle 

 
Fig. 2.15 EDX-mapping of Cu/Steel Slags catalyst after 5 cycles 
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2.4.5 Thermogravimetric analysis 

The samples were analyzed by TGA under N2 atmosphere at a temperature 

range of 25-1000
o

C and a heating rate of 10
o

C/min. In the TGA-DC-DTG curves (Fig. 

2.16) of the Cu/SteelSlags precursor, five DTG peaks are clearly distinguished. The first 

DTG peak at 124
o

C corresponds to the dehydration of gypsum 
122, 123

 with a mass loss 

of 2%. Temperature peak at 209
o

C belongs to the conversion of Cu(OH)2 to CuO 
124, 125

. 

The weak peak at 362
o

C most likely represents the decomposition of  

Mg(OH)2 
126, 127

 formed during the reaction (2.9). The peak at 631
o

C is attributed to the 

decomposition of CaCO3 
95, 96, 97

 in reaction (2.3), confirming the FTIR and XRD data on 

the retention of the calcite phase after copper deposition. The peak at 748
o

C is probably 

related to the Na2Cu(CO3)2 phase detected by XRD analysis. The last peak at 984
o

C 

indicates the transformation of the copper crystal lattice. 

 

CaSO4 ∙ 4H2O → CaSO4 ∙ 0.5H2O + 3.5H2O   (2.10) 

 

 

Fig. 2.16 TGA-DSC-DTG curves of Cu/Steel Slags precursor before reaction 
 

Thermal analysis of the catalyst after one (Fig. 2.17) and five (Fig. 2.19) cycles 

shows a similar situation. After reduction of all hydroxides and sulphates by sodium 
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borohydrate, peaks corresponding to CaCO3 at 630
o

C and metallic copper at 984
o

C are 

observed. 

  

Fig. 2.17 TGA-DSC-DTG curves of Cu/Steel Slags catalyst after first cycle 

 
Fig. 2.18 TGA-DSC-DTG curves of Cu/Steel Slags catalyst after fifth cycle 
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2.4.6 Scanning electron microscopy 

Based on the results of FESEM (Fig. 2.19), the Cu/SteelSlags precursor and 

catalysts after use in catalysis retain their morphology of heterogeneous material with 

wide range size of the particles covered white flat flakes, most probably calcite. 

 

 
Fig. 2.19. FESEM graphs of a – Steel Slags, b – catalyst precursor before reaction,  

c – catalyst after first cycle, d – catalyst after fifth cycle 

2.4.7 Transmission electron microscopy 

Figure 2.20 illustrates transmission electron microscopy (TEM) images of the 

Cu/steel slags precursor (a, b), the Cu/steel slags catalyst after one cycle (c, d), and 

after five cycles (e, f). The images of the Cu/SteelSlag precursor demonstrate the for-

mation of elongated particles, which are presumed to be Cu(OH)2 or gypsum. During 

the reduction process under the specified reaction conditions, Cu nanoparticles are 

a b 

d c 
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formed and attached to the steel slag support (Fig. 2.18 c, d) and persist throughout 

the five cycles (Fig. 2.19 e, f). 

 

 

Fig.2.20 TEM micrographs of a, b – Cu/Steel Slags precursor; c, d - Cu/Steel Slags catalyst after first 

cycle; e, f - Cu/Steel Slags catalyst after fifth cycle 

 

 

  

a 

c 

b 

d 

e f 
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2.5. Synthesis Iron Oxides/Steel Slags catalyst 

Iron oxides as an inexpensive and common catalyst also show catalytic activity 

in reduction of nitroarenes. The use of iron oxide catalysts in the reaction of transfer 

hydrogenation of nitroarenes in the presence of alkali/alcohol system is a perspective 

direction of research. 

Alcohols (methanol, ethanol, isopropanol and glycerol) in combination with 

basic media are effective reducing agents in the reduction reactions of nitroarenes. 

Under certain reaction conditions, alkali/alcohol vapours are able to smoothly reduce 

nitroarenes to anilines in the absence of a catalyst, together with variable amounts of 

azo- and azoxyarenes 
108

. A disadvantage of this hydrogen source is the amount of 

alkali component, which is molarly greater than the amount of nitro compound 
128

. 

Isopropanol is adsorbed on the catalyst, resulting in the formation of an alkox-

ide, also known as an activated H-donor. Moreover, the coordination interaction of ni-

troarenes with the Lewis acid center enables the formation of a six-membered transition 

state, in which hydride transfer occurs (Scheme 2.7). Concurrently, the presence of 

base facilitates the transfer of the alkoxide hydride ion for substrate reduction 
129

. 

 

 
Scheme 2.7 Proposed catalytic pathway for the alkali/alcohol reduction system 

 

Since steel slag and FeOx/SS catalysts are rich in components with alkaline 

properties, it is possible to use them in the transfer hydrogenation reaction without 

additional alkali additives, which makes the process more economically and environ-

mentally efficient. 

FeCl3·6H2O and FeSO4·7H2O were mixed in 2/1 molar ratio in 50 mL of deionized 

water and the obtained solution was added to 3.0 g of SS (80 mesh sieved) and kept 

under stirring for 5 h at 35 °C. Then, the solid constituted of steels slags supporting 
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iron hydroxides/oxides was separated by centrifugation at 4000 rpm, washed three 

times with deionized water and dried overnight at 80 °C. As a result, a series of iron 

oxide catalysts supported onto steel slags (FeOx/SS_1÷6) was synthesized. The total 

molar amount of added iron salts (as FeCl3·6H2O + FeSO4·7H2O) ranged from 2.0 mmol 

for FeOx/SS_1 to 16.7 mmol for FeOx/SS_6 (Table 2.12). The basicity of the resulting 

material decreased with the increase of the supported iron as summarized in Table 

2.12. 

 
Table 2.12 Synthesized iron oxides/Steel Slags catalysts 

Catalyst FeCl3·6H2O + FeSO4·7H2O, mmol pH* 

FeOx/SS_1 2.0 12.4 

FeOx/SS_2 4.3 11.6 

FeOx/SS_3 6.9 10.8 

FeOx/SS_4 9.6 10.2 

FeOx/SS_5 13.0 6.5 

FeOx/SS_6 16.7 5.3 

*pH of the catalyst was determined by analyzing the liquid separated after centrifugation  

 

2.6. Catalytic test of Iron Oxides/SteelSlags catalyst in transfer hydrogenation 

of nitrobenzene 

The catalysts listed in Table 2.12 were tested in the transfer hydrogenation of 

nitrobenzene, using iso-propanol as hydrogen source and without adding any external 

base. Reactions were carried out in an autoclave at 180 °C for 12 h by using 0.50 mmol 

nitrobenzene, 5 mL of iso-propanol and 250 mg of catalyst (Scheme 2.8). The main 

product was always aniline together with a small amount of azoxybenzene, suggesting 

the presence of the condensation route in the mechanism pathway (Scheme 2.2, blue 

route). Also trace amounts (<1%) of azobenzene were detected in all catalytic tests. 
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Scheme 2.8. Reaction of transfer hydrogenation of nitrobenzene 

 

As-received steel slags, despite the high content of iron oxides and basic ox-

ides, showed low activity in the reaction. In the series of the analyzed catalysts, the 

catalytic activity increased with the increase of the iron content passing from 

FeOx/SS_1 to FeOx/SS_3 (Fig. 2.21). In fact, the maximum conversion (88%) of nitro-

benzene was observed for FeOx/SS_3. By analyzing the catalytic results of FeOx/SS_4 

to FeOx/SS_6 catalysts, the higher the iron content in the material the lower the activity. 

A rationale for this behavior may reside in the increasing acidity of the material that 

renders it unable to support the transfer hydrogenation system. 

 
Fig. 2.21 Catalytical activity of FeOx/SS catalysts in transfer hydrogenation of nitrobenzene 

 
The most efficient catalyst was tested prolonging the reaction time to 24 h. The 

conversion of nitrobenzene increased from 88% to 93%, while the yield of azoxyben-

zene decreased from 23% to 11% (Figure 2.22), indicating that doubling the reaction 

time only slightly improved the catalytic results. 
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Fig. 2.22 Catalytical activity of FeOx/SS_3 catalyst during 12 and 24h of reaction 

 

2.7. Characterization of Iron Oxides/SteelSlags catalyst 

2.7.1 FT-IR analysis 

The steel slag sample and a series of synthesized FeOx/SS catalysts were an-

alyzed by FT-IR spectrometry in wavenumber range of 550 to 4000 cm
-1

. As indicated 

by the FT-IR spectra (Fig. 2.23), the ratio of iron salts to steel slag and the subsequent 

pH during synthesis exert a significant influence on the formation of the catalyst. The 

steel slag peak at 1417 cm
-1

, attributed to the C─O bond, and the peak at 875 cm
-1

 

correspond to vibrations of the CO3

2-

 ion in calcite 
91, 92

 are also observed in the four 

catalyst samples from FeOx/SS_1 to FeOx/SS_4 catalyst. In addition, a new peak at 

1105 cm
-1

 related to S-O vibrations 
117, 118

 is observed for the three catalyst samples 

with deposited iron oxides from 5% to 15%, with the peak intensity decreasing with 

increasing iron oxide content in the composition. 
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Fig. 2.23 FT-IR spectra of Steel Slags and FeOx/SS catalyst 

 

2.7.2 Elemental analysis  

The most active catalyst in the transfer hydrogenation reaction resulted 

FeOx/SS_3 because represented a good compromise between iron content and basic-

ity features. Therefore, it was analyzed more deeply with respect to the other FeOx/SS 

catalysts. The elemental content of FeOx/SS_3 was determined by X-ray fluorescence 

analysis (Table 2.13). The percentage of iron content in the catalyst sample increased 

by 13.6% upon deposition of iron oxide, which corresponds to the calculated values. 

In addition, a half decrease in calcium concentration due to the dissolution and subse-

quent loss of portlandite Ca(OH)2 during synthesis process was observed.   
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Table 2.13 Results of PXRF analysis of steel slags and FeOx/SS_3 catalyst 

Content, %w Steel Slags FeOx/SS_3 

Ca 28.90 ± 2.22 14.24 ± 0.11 

Fe 17.62 ± 2.03  31.24 ± 0.24 

Si 3.36 ± 0.16 3.38 ± 0.09 

Mn 4.44 ± 0.45 4.13 ± 0.05 

Cl 0.72 ± 0.06 0.19 ± 0.01 

S - 1.25 ± 0.04 

 

2.7.3 Phase composition 

The XRD diffractograms of FeOx/SS_3 catalyst before and after use in catalysis 

are presented in Fig. 2.22. As in the case of Cu/Steel Slags catalysts, larnite (Ca2SiO4), 

brownmillerite (Ca2(Al,Fe
3+

)2O5) and calcite (CaCO3) as the base of steel slag (Fig. 2.2) 

are present in all analyzed samples. Furthermore, wüstite (FeO) can be identified in the 

FeOx/SS_3 diffractograms before and after use in catalysis. XRD analysis suggests that 

the composition of the catalyst was retained during the catalytic cycle. 

 

Fig. 3.24 XRD patterns of FeOx/SS_3 before reaction (red) and FeOx/SS_3 after reaction (blue) 
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2.8. Conclusions 

A series of copper and iron oxide catalysts based on steel slag were synthe-

sized in order to valorize the industrial steel slag waste. 

The Cu/Steel Slags system demonstrated high activity in the reduction of ni-

troarenes in an aqueous medium, with the presence of sodium borohydride as the re-

ducing agent. Notably, the reduction of nitrobenzene to aniline without the presence of 

additional impurities occurs within a two-hour period at RT. It resulted that the catalyst 

precursor did not require prior reduction, and that the conversion of Cu2+ to Cu° in the 

active form occurred “in situ” under reaction conditions. Furthermore, the catalytic sys-

tem gave high yield into the desired product over five reaction cycles. 

Iron oxides deposited onto waste steel slags were synthesized and employed 

in the catalytic transfer hydrogenation of nitrobenzene in the presence of isopropanol 

as the hydrogen source. This kind of reaction is challenging because it works with a 

green hydrogen source, but it usually requires the addition of toxic sodium or potassium 

hydroxide. Some of the materials prepared were able to successfully catalyze the reac-

tion without adding any external base thanks to the high basicity of their inorganic sup-

port (steel slags). 
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3. RECOVERY OF CELLULOSE ACETATE FROM  

CIGARETTE BUTTS 

3.1.  Cigarette filters characterization 

The waste cigarette butts were collected in special containers placed in the 

smoking areas of DICATECh department in Politecnico di Bari. Regular cigarette filters 

with the size of 15x7.5 mm (Smoking Filters, Spain) were used as a comparison sample 

to verify the cleaning efficiency.  

3.1.1 FT-IR analysis 

Fig. 3.1 illustrates the results of FT-IR analysis of both fresh (black line) and 

used (red line) cigarette filters (CF), with a wavenumber range of 550 cm
-1 

to  

4000 cm
-1

. 

 
Fig. 3.1 FT-IR spectra of cigarette filters (CF): black line – fresh cigarette filter,  

red line – used cigarette filter 

 
The broad absorption band observed at 3420 cm⁻¹, characteristic of O-H 

stretching in alcohols and/or N-H stretching in amines, is more pronounced in the used 

CF compared to the fresh CF. Such behavior suggests the introduction or enhancement 
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of hydroxyl groups, likely due to increased water content. The peaks at 2923 cm
-1

 and 

2857 cm
-1

 correspond to C–H stretching vibrations, commonly found in aldehydes or 

hydrocarbons. The stronger absorption in these regions in the used CF spectrum com-

pared to the fresh CF, indicates increased aliphatic hydrocarbon content or potential 

oxidation processes during burning of tobacco. A peak around 1738 cm
-1

 corresponds 

to the C=O stretching of carbonyl groups is evident in both samples, but intensity for 

used sample quite bigger, due to growing of esters or ketones amount. In 1653 cm
-1

 

region, indicative of C=C stretching in alkenes, both spectra show similar intensity, 

indicating minimal changes in the unsaturated components. Small peak at 1515 cm
-1 

for N=O stretching in nitro compounds is present just in used filter, which indicates 

degradation of nitro-containing compounds. The peak at 1365 cm
-1

, corresponding to 

S=O stretching in sulphonamides or sulphates, appears slightly more intense in the 

used CF.  

Noticeable changes between the fresh and used samples are evident withing 

the peaks at 1215 cm⁻¹ and 1033 cm⁻¹. This phenomenon primary associates with C–

N symmetric stretching in amines and C–O stretching in esters. However, the increased 

intensity in the used CF could point to the formation esters or amines as a result of 

tobacco combustion. Lower wavenumber regions, such as 900 cm
-1

 (C=C bending) 

and 601 cm
-1

 (C–N–S bending), also display differences after using of CF. Moreover, 

the region around 556 cm⁻¹, characteristic of C-X stretching in alkyl halides, exhibits 

minimal variation.  

Table 3.1 Transcript of ATR-FT spectra of used cigarette filters 
130 

Wavenumber, cm
− 1

 Assignment 

3490–3250 O–H in alcohols and N–H stretching in amines 

2960–2910 N–H stretching in amine salts 

2857 C–H stretching in aldehyde (doublet) 

1738 C=O stretching in cyclopentane 

1685 C=O stretching in conjugated ketone 

1653 C=C stretching in alkene (vinyldiene) 

1515 N–O stretching in nitro-compounds 

1432 C–H bending in methyl group 
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Wavenumber, cm
− 1

 Assignment 

1365 S=O stretching in sulphonamide, sulphonate, sulphate, 

suphonyl chloride 

1215 C–N symmetric vibrations in amines 

1165 C–O stretching in ester 

1120 C–O stretching in tertiary alcohol 

1033 S=O stretching in sulphoxide 

900 C=C bending in alkene (vinyldiene); C–H bending in  

tri, disubstituted compounds 

705–685 C=C bending in cis-disubstitued alkene 

601 Presence of C–N–S bending vibrations 

557-480 C-X stretch in alkyl halides 

3.1.2 Thermogravimetric analysis 

Thermogravimetric analysis and differential scanning calorimetry of samples of 

fresh (fig. 3.2) and used (fig.3.3) cigarette filters were carried out in nitrogen atmos-

phere in the temperature range of 25-800
оС at a heating rate of 10

оС/min. For both 

samples 4 zones of mass loss were observed. 

For the fresh filter sample (Fig. 3.2) in the temperature range of 25-100
o

C the 

mass loss is 4.8% for the loss of external moisture. The mass loss of 12.5% at 100-

300
o

C is attributed to thermal decomposition of plasticizers. The main mass loss in the 

range of 300-400
o

C with a peak DTG of 349°C refers to the thermal decomposition of 

cellulose acetate 
131

 and it is 67%. The fourth stage, occurring at 400°C, is characterized 

by the formation of ash and carbon residue 
132

, accompanied by a mass loss of 3.6%. 
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Fig. 3.2 TGA-DSC-DTG curves of fresh cigarette filter (black line – TGA,  

red line – DSC, blue line - DTG) 

 

In the case of the used filter, the mass loss observed in the initial stage is 3.0%. 

In the second stage, the mass loss is also approximately twofold that of the pure sam-

ple, equating to 29.3%, attributed to presence of tobacco combustion products. The 

primary mass loss 50.3% resulting from the decomposition of cellulose acetate. 

 
Fig. 3.3 TGA-DSC-DTG curves of used cigarette filter (black line – TGA,  

red line – DSC, blue line - DTG) 
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3.1.3 Scanning electron microscopy 

The field emission scanning electron microscopy (FESEM) technique was used 

to investigate the structure of the cigarette filter fibers before and after use. The images 

show that the fiber structure does not change during the use of the filter while smoking, 

being composed of microfibrils in both cases (before and after use). 

 

Fig. 3.4 FESEM graphs of fibers from: a, b – fresh cigarette filter; c, d – used cigarette filters 

3.2. Recovering of cellulose acetate 

Cellulose acetate was extracted from cigarette filters using a multi-stage pro-

cess (Fig. 3.5). Initially tobacco residue, ash, wrapping paper and burnt filter fragments 

were removed manually using tweezers and a scalpel. The composition of cigarette 

filters and the content of organic matter and heavy metals accumulated in the filters 

vary with the brand of cigarettes 
130

 and factors like filter size, smoking duration, storage 

and collection conditions. Therefore, the filters were shredded and homogenized using 

a blender. Subsequently, the homogeneous fiber was subjected to a series of washing 

processes utilizing a range of solvents, as detailed in Table 3.2. 

c d 

a b 
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Fig. 3.5 Steps to recover cellulose acetate from cigarette butts 

To evaluate the efficiency of each solvent, 500 mg of cigarette filter fiber and 

50 ml of solvent (Table 3.2) were placed in a round-bottomed flask and stirred with a 

magnetic stirrer for 30 minutes. In some cases, the flask was placed in an oil bath to 

maintain the required temperature (Table 3.3). The fiber was then separated from the 

solvent by filtration through a Buchner system with filter paper, washed with 25 ml of 

deionized water (3 times) and dried at 85°C in oven for 3 hours. The resulting material 

was cooled and stored in an exicator. The characterization of the purified samples was 

carried out using Fourier-transform infrared spectroscopy in attenuated total reflectance 

modality (ATR-FTIR) and thermogravimetric analysis.  

An important aspect of purification is the preservation of the acetate groups on 

the surface of the cellulose, since a large amount of acetic anhydride is used to acety-

late the cellulose (approximately 1:1 mass of anhydride to mass of cellulose at a degree 

of substitution of 2.5). For this purpose, the safest and most non-destructive solvents 

were chosen as cleaning solvents: deionized water, sodium chloride solution and eth-

anol. 

Table 3.2 Cleaning solvents and parameters   

№ Solvent Variable extraction parameters 

1 Deionized water Temperature 20, 40, 60 and 80 
o

C 

2 Sodium chloride (NaCl) water solution Concentration 1, 3.5, 5, 10, 15% 

4 Ethanol (EtOH) Concentration 25, 50, 75, 96 and 99.8% 
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3.2.1 Purification with deionized water 

The choice of deionized water is due to the use of water as the solvent for 

primary washing cigarette filters in most studies 
58, 59, 60

. The aqueous medium has been 

reported to remove solid impurities as well as water-soluble compounds from the sur-

face of the cellulose acetate, while preserving its structure. In works of De Fenzo 
60

 and 

Afroz 
133

 washing has been carried out in water at 50 and 70 Celsius degrees. Aiming 

at assessing the effect of temperature on the quality of purification, in the present study 

cellulose acetate was treated with deionized water at temperatures of 20, 40, 60 and 

80°C. 

As illustrated in the images reported in Figure 3.6, water is an ineffective bleach-

ing agent for organic resins. Consequently, the appearance of the samples after wash-

ing with water is nearly identical to that of the unwashed fiber. 

 
Fig. 3.6 Cellulose acetate fiber after purification by water at different temperatures 

The effect of temperature increasing is clearly visible in the FT-IR spectra. Thus, 

the peaks at 1738 cm
-1

, 1215 cm
-1

 and 1033 cm
-1

 show a significant loss of intensity 

with increasing water temperature, indicating a decrease in the concentration of amines 

and esters during the washing process (Fig. 3.7). 
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Fig. 3.7 FT-IR spectra of samples after purification by water at different temperatures 

TGA curves also confirm the improvement of the purification degree with rising 

temperature (Fig. 3.8). Moreover, for all samples, mass loss was not observed in the 

range of 100-300°C during plasticizer decomposition, which is present in both fresh 

and used filter samples. 

 
Fig. 3.8 TGA curves of samples after purification by water at different temperatures 



Darya Nefedova| XXXVII cycle 

66 

 

3.2.2 Purification with NaCl solution  

Sodium chloride (NaCl) solution is of interest as another green solvent for pre-

cleaning in the recovery of cellulose acetate from cigarette filters. It is established that 

a 5% NaCl solution is an effective solvent for extracting metals from the surface of 

cellulose acetate cigarette filters 
59

. Sodium ions Na⁺ can displace heavy metal ions 

from adsorbents, facilitating their removal. Nevertheless, the impact of NaCl and its 

concentration on the extraction of organic contaminants has not yet been studied. To 

evaluate this effect, cigarette filter fibers were washed according to the protocol in so-

lutions of 1%, 3.5%, 5%, 10%, 15% NaCl. 

The residual tobacco tar remained on the acetate cellulose fibers after the 

cleansing process conducted with sodium chloride solutions (Fig.3.9), as it was al-

ready observed in the samples cleaned with deionized water (Fig. 3.6). 

 
Fig. 3.9 Cellulose acetate fiber after purification by NaCl solutions of varying concentrations 

FT-IR spectra of cellulose acetate after purification in aqueous sodium chloride 

solutions (Fig. 3.10) show a decrease in the intensity of the impurity peaks with de-

creasing NaCl concentration in the solvent. Thus, the best purification performance is 

observed for samples treated in 1% and 3.5% NaCl solutions. 
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 Fig. 3.10 FT-IR spectra of samples after purification by NaCl solutions of varying concentrations 

Contrary to the TGA curves of samples purified with water, samples purified 

with a NaCl solution show loss of mass due to plasticizer decomposition in the tem-

perature range of 150-350°C. At the same time, solutions with a lower concentration 

demonstrate the removal of a higher amount of plasticizer during the purification pro-

cess, as evidenced by a lower loss of mass. 

 
Fig. 3.11 TGA curves of samples after purification by NaCl solutions of varying concentrations 



Darya Nefedova| XXXVII cycle 

68 

 

3.2.3 Purification with ethanol 

Among organic solvents, ethanol is regarded as the most cost-effective and 

environmentally friendly option for the extraction of cigarette filter contaminants, given 

the potential for obtaining it from renewable plant raw materials. The majority of re-

search studies have demonstrated the high efficiency of cleaning with absolute ethanol 

with multiple (2-3 cycles) washing runs. Additionally, it has been established that the 

solubility of organic compounds in ethanol is significantly influenced by the volume 

fraction of ethanol in the washing solvent 
134

. Based on these findings, in the present 

study cigarette filter fibers were cleaned in ethanol/water mixture with ethanol volumes 

of 25%, 50%, 75%, 96% and absolute ethanol, in order to ascertain the most effective 

cleaning solution. 

The visual effect of ethanol concentration in the solvent is illustrated in Figure 

3.12. The use of a 75% ethanol solution for cleaning has been found to be highly ef-

fective in removing a considerable quantity of resin and other impurities from the sur-

face of the filter fiber, in comparison to solvents that contain a higher proportion of 

ethanol solvents. 

 
Fig. 3.12 Cellulose acetate fiber after purification by ethanol of varying concentrations 

 

The FT-IR analysis data also confirms the visual result of the purification (Fig. 

3.13). The highest peak intensities of amines and esters are observed for the fiber after 

cleaning with 25% (blue line) and 50% ethanol (green line), followed by approximately 

the same results for 96% (light blue line) and absolute (yellow line) ethanol. The sample 

washed with 75% ethanol (purple line) has the lowest intensity, indicating the removal 

of the biggest amount of contaminants. 
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Fig. 3.13 FT-IR spectra of samples after purification by ethanol of varying concentrations 

The TGA curves (Fig. 3.14) demonstrate a high degree of ethanol purification 

for all samples. A slight difference is noticeable in the 200-350
o

C range where the sam-

ple washed with 75% ethanol (purple curve) illustrate better removal of contaminants 

and plasticizers.  

 
Fig. 3.14 TGA curves of samples after purification by ethanol of varying concentrations 
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The FESEM graphs of the contaminated used filter (Fig. 3.15a) and the filter 

after 75% purification (Fig. 3.15b) demonstrate that the fiber morphology remains after 

the cleaning process. 

 
Fig. 3.15 FESEM graphs of fibers: a – used cigarette filter; b – filter after treatment by 75% ethanol  

3.2.4 Optimization of cleaning process  

In order to optimize the cleaning process, a further investigation was conducted 

into the effects of the following parameters: cleaning time, material-to-solvent ratio, and 

number of cycles. To determine optimal cleaning time, contaminated acetate cellulose 

fibers were treated with a 75% ethanol-water solution for 15 min, 30 min, 2 h and 5 h, 

respectively. As illustrated in the TGA graph (Fig. 3.16), the 15-minute washing period 

(black line) was found to be the least effective, with the remaining samples exhibiting a 

comparable degree of purification. 

  

Fig. 3.16 TGA curves of samples after purification by 75% ethanol of varying treatment time 
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For the material to solvent volume ratio test, 500 mg of contaminated cellulose 

acetate fiber was cleaned for 30 minutes in 25, 50, and 100 mL of 75% ethanol solu-

tion, corresponding to ratios of 1:50, 1:100, and 1:200, respectively. The TGA curves 

(Fig. 3.17) shows that the quality of purification decreases significantly when the vol-

ume of solvent is halved (ratio 1:50) (black line) compared to the standard protocol 

(1:100) (red line). 

  
Fig. 3.17 TGA curves of samples after purification by 75% ethanol of varying 

 material : solvent ratio 

 

After determining the optimum cleaning time (30 min) and material : solvent 

ratio (1:100), these parameters were used to determine the number of wash turns with 

75% ethanol. The visual effect is also noticeable after each cleaning cycle (Fig. 3.18). 

Thus, the maximum degree is observed after cycle 3, which is proposed to be the final 

cycle. 

 
Figure 3.18 Cellulose acetate fiber after purification in 75% ethanol multiple cycles 
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To confirm the purification efficiency, samples of used CF, fresh CF, and CF 

after first and third cycle cleaning by 75% ethanol were dissolved in Dimethyl sulfoxide 

(DMSO) at 60
o

C and analyzed by nuclear magnetic resonance (NMR) spectroscopy. 

With regard to the used CF (Fig. 3.19 a), an area in the range of 6.5 - 9 ppm is 

indicative of the presence of aromatic compounds formed during the combustion of 

tobacco. In the case of the fresh filter (Fig. 3.19 b) and samples after cleaning with 75% 

ethanol (Fig. 3.19 c, d), no peaks are observed in this region, thereby confirming the 

complete removal of organic pollutants during the cleaning process. Furthermore, the 

spectra of the filter after cleaning (Fig. 3.19 c, d) demonstrate the absence of glycerol 

peaks in the triacetin plasticizer, present at approximately 4 ppm, in comparison to both 

used (Fig. 3.19 a) and fresh CF(Fig. 3.19 b), thereby corroborating previous analyses 

which have indicated that the plasticizers are removed during the cleaning process. 

 

 
 

Fig. 3.19 NMR spectra of a – used CF, b – fresh CF, c – CF after first cycle cleaning by  

75% ethanol, d – CF after third cycle cleaning by 75% ethanol 

 

a b 

c d 
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3.2.5 Solvent selection 

To determine a suitable solvent, a solubility test was carried out with fresh cig-

arette filters, followed by the preparation of cellulose acetate films. For this purpose, 

300 mg of fresh filters fiber was placed in 10 ml of solvent and stirred for 30 minutes 

at 25°C until a uniform solution was formed. The resulting solution was poured into a 

Petri dish (d = 90 mm) and dried at 25°C until the solvent completely evaporated. 

The most common solvent for cellulose with acetate degree of substitution (DS) 

of 2–2.5 is acetone, while in the case of cellulose acetate used in cigarette filters, the 

degree of substitution is 2.35-2.55.
 

However, due to the presence of various additives, 

including polylactic acid (PLA) and plasticizers, in cigarette filters, acetone was unable 

to completely dissolve the material. Upon hardening, an uneven film containing white 

PLA inclusions formed (Fig. 3.20a). To solve this problem, ethyl acetate and  

N,N-dimetilformammide (DMF) were chosen due to ability to dissolve well both com-

ponents (cellulose acetate and PLA plastic). As can be seen in the image (Fig.3.20b), 

the cellulose acetate composite material is completely dissolved in ethyl acetate while 

was forming a dense transparent film during the hardening process. Artifacts on the 

film were obtained due to drying uneven air flow condition. In case of DMF as a solvent, 

the transparent solution formed a not transparent white matte film (Fig.3.20с). This 

matte film was softer and easier to tear compared to the previous sample. 

 

Fig. 3.20 Resulting films from fresh cellulose acetate filters in different solvents 
 (a) in acetone, (b) in ethyl acetate, (c) in DMF 

 

Based on the above reported results, ethyl acetate was identified as the optimal 

solvent and used to obtain a film from the material after purification. The film obtained 

after cleaning (Fig.3.21b) according to the protocol described above has minor 

a b c
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differences in color (light yellow tint) and strength with respect to the fresh filters film 

(Fig.3.21c). 

 
Fig. 3.21 Resulting cellulose acetate films from cigarette filters: a – dirty used filter,  

b – used filter after purification protocol, с – fresh filter 

 

3.3. Conclusions 

In order to valorize cigarette butt waste for the recovery of cellulose acetate 

polymer, a protocol for the cleaning of cigarette filters was developed and optimized. 

Water (with temperature variation), NaCl solution (with concentration variation) and 

ethanol (with concentration variation) were used as green solvents. The optimal param-

eters for each solvent were identified by FT-IR and TGA technics. Therefore, the highest 

degree of purification was observed for deionized water at temperatures of 60°C and 

80°C. In the case of the NaCl solution, which is effective at removing heavy metals, 

increasing the concentration results in a reduction in the removal of organic pollutants. 

In the case of the ethanol-water solvent system, a 75% ethanol solution demonstrated 

the complete removal of tobacco combustion products. Furthermore, experiments were 

conducted to determine the optimal cleaning time, material-to-solvent ratio, and num-

ber of cleaning cycles. Furthermore, ethyl acetate was identified as the optimal solvent 

for the reduction of cellulose acetate, resulting in the production of a transparent poly-

mer film. 

 

a b c
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4.  CELLULOSE EXTRACTION FROM TUNICATES  

4.1. Clavelina oblonga tunicates characterization 

Clavelina oblonga tunicates were sampled from a mussel farm on the western 

coast of the Istrian peninsula, in Lim Bay, situated in the northern Adriatic Sea, Croatia. 

Colonies of Clavelina oblonga were collected from the mussel farming ropes, washed 

and frozen at -86 °C. All tissues were processed in their entirety, freeze-dried for 72 

hours and pulverized in the vibrational cryogenic mill to obtain tunicate powder (TP) 

(Fig. 4.1). 

 
Fig. 4.1 Preparation of tunicate powder (TP) from Clavelina oblonga  

4.1.1 Proximate composition 

Sample material primarily consisted of water (moisture) as the major constitu-

ent in their proximate body composition (Table 4.1). Despite rinsing the free water and 

drying the organisms using paper towels, there is a possibility of minimal residual water 

within the inner body tissues during analysis. Clavelina oblonga accordingly exhibited 

a moisture content of 95.44 ± 0.0025%. The organic components, constituting pro-

teins and lipids, were expressed on a dry basis. 

Table 4.1. Proximate composition (% dry weight) of Clavelina oblonga 

Component Content, %w 

Moisture 95.44 ± 0.003 

Ash 29.06 ± 1.71 

Proteins 39.23 ± 0.65 

Lipids 8.64 ± 0.52 
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4.1.2 Fatty acid composition 

The major fatty acids in the entire tissues of Clavelina oblonga (Table 1S) were 

palmitic acid, PA (C16:0), stearic acid, SA (C18:0), and docosahexaenoic acid, DHA 

(C22:6n3), followed by docosanoic acid, DA (C22:0), elaidic acid, EA (C18:1 trans), 

linoleic acid, LA (C18:2 cis), and myristic acid, MA (C14:0) (Fig. 4.2, 4.3). The three 

groups of fatty acids (saturated - SFA, monounsaturated - MUFA, polyunsaturated - 

PUFA) accounted for 51.37 ± 0.27%, 15.41 ± 0.22%, and 26.96 ± 0.40% of total 

fatty acids, respectively. The total unsaturated fatty acid – UFA accounted for 42.37 ± 

0.18%. The ω-3 PUFA ratio was 16.10 ± 0.38%, ω-6 PUFA ratio was 10.86 ± 0.01%, 

while ω-6/ ω-3 ratio amounted to 0.68 ± 0.01. The nonidentified fatty acids comprised 

6.26 ± 0.12%.  

 
Fig. 4.2 Fatty acid composition of Clavelina oblonga 

 

Fig. 4.3 Groups of fatty acids from Clavelina oblonga 
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4.1.3 Trace and macroelements 

A total of 32 trace elements and 6 macroelements were measured in entire 

Clavelina oblonga tissues. Of trace elements, Al was predominant, the sequence of 

concentration being Al > Fe > Sr > Ti > Mn > V > Zn > Cu > Ba > As > Li > Rb 

> Ni > Cr > Pb > Mo > Se > Co > Y > Nb > Th > Sc > Cs > Sn > Ag > U > 

W > Be > Cd > Sb > Tl > Bi. The most common trace elements are shown in table 

4.2. 

Table 4.2. Trace elements concentration Clavelina oblonga 

Trace elements Concentration, µg/g 

Al 1843 ± 676 

Fe 1274 ± 467 

Sr 140 ± 9 

Ti 113 ± 40 

Mn 50.8 ± 5.5 

V 37.6 ± 5.5 

Zn 35.8 ± 4.8 

Cu 19.8 ± 4.5 

 

Of macroelements, Na was predominant, the sequence of concentration being 

Na > S > Mg > Ca > K > P (Table 4.3). 

Table 4.3. Macroelement composition of Clavelina oblonga 

Macroelement Ca K Mg Na P S 

Concentration, 

mg/g 

11.1  

± 1.6 

5.21  

± 0.6 

17.6  

± 2.0 

99.1 

 ± 11.7 

2.06  

± 0.33 

29.2  

± 2.1 

4.1.4 Fourier Transform Infrared (FT-IR) analysis 

The composite structure of Clavelina oblonga was verified also by FT-IR 

(Fig.4.4). The strong and wide peak centred at 3282 cm
-1

 was assigned to the O-H and 

N-H stretching mode. The observed widening indicates a large expansion of the OH/NH 

group associated with the hydrogen bond. The peaks at 2923 cm
-1

 and 2853 cm
-1

 as 
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well as the slight shoulder at 3023 cm
-1

 are to be attributed to C-H stretching in CH3 

and CH2 of proteins and lipids 
135, 136

. 

 

Fig. 4.4 FT-IR spectra of tunicate powder 

 

The intense bands at 1644 and 1538 cm
-1

 belong to Amide I and Amide II vi-

bration modes of proteins, respectively 
137

. We attributed also the peaks at 1446 and 

1425 to the symmetric deformation of CH3 and CH2 of proteins 
138, 139

 . The peak at 1034 

cm
-1

 is related to the C-O-C vibration of the -glycosilic bond in cellulose and the shoul-

der band at 1109 cm
-1

 arises from C–O–C pyranose ring skeletal vibration of cellulose 

components. However, these bands may partly overlap with the bands originating C–N 

stretching (amid groups of proteins), suggesting an overlapping of adsorbing peaks 

from proteins and carbohydrates present in the tunicate mass. The adsorption peak at 

1109 cm
-1

 can also be attributed to the C–OH skeletal vibration 
140

. As for the small 

peak at 873 cm
-1

, it might correspond to the glycosidic –CH deformation with a ring 

vibration and –OH bending, which is characteristic of -glycosidic linkages between 

glucose units in cellulose 
140, 141, 142

. In addition, the band at 1228 cm
-1

 might reveal a 

sulphate ester with a S=O band 
141

 and the signal at 1740 cm
-1

 refers C=O stretching 

in lipid components. 
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4.1.5 Thermogravimetric analysis 

Figure 4.5 shows the TGA-DSC-DTG curves of the dried Clavelina oblonga 

mass at a heating rate of 10°C min
-1

, with the pyrolytic characteristics in an inert or N2 

environment, where the heating temperature ranged from 25°C to 1000°C. The whole 

pyrolytic process can be divided into four reactive stages. In the first stage (25-200°C), 

a slight weight loss is recorded (up to 10%), due to dehydration and loss of water and 

light volatiles release 
141

. Thereafter, a significant mass loss (up to 39 wt%) is observed 

in the range of temperatures within 200-450°C, mainly stemming from the thermal de-

composition of proteins and carbohydrates. In the temperature range of 450-600°C, 

the tunicate mass decays slightly, indicating the decomposition of lipids, which usually 

occurs at higher temperatures with respect to proteins and carbohydrates 
143

. The last 

stage, at temperatures higher than 600°C, can be attributed to a continuous and slow 

weight loss of carbonates in the solid residue 
144

. 

 
Fig. 4.5 TGA-DSC-DTG curves of tunicates powder 

 

The TGA curves did not reach the final plateau, probably due to the different 

transition phases of salts and oxides in the ash content. Analyzing the DTG curves, we 

can clearly distinguish 5 peaks: one at 97°C that confirms the dehydration and loss of 
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volatile compounds; the two main peaks at 245°C and 325°C due to degradation of 

proteins and cellulose, respectively; a slight shoulder at 420°C due to lipid degradation; 

and the peak at 700°C, corresponding to the decomposition of carbonates in tunicates. 

4.1.6 Solid-state NMR spectroscopy 

The spectrum of 
13

C CP/MAS of TP confirms that the material is constituted of 

protein, lipids and cellulose. The NMR spectrum could be divided into five regions (Fig 

4.6). Region 1 contains signals deriving from aliphatic residues of aminoacids of pro-

teins and aliphatic chain of lipids. Region 2 contains the signals deriving from alpha 

carbon of aminoacids. In region 3 signals of carbohydrates are detected. Most de-

shielded signals which fall around 105 ppm are assigned to anomeric carbon of cellu-

lose region. Interestingly, differing to common spectrum of cellulose in this case the 

sharpness of the cellulose signals indicates an ordered and well-defined structure. Re-

gion 4 contains signals belonging to aromatic compounds in aminoacids and finally 

region 5 is the part of spectrum containing signals of the carbonyl group of peptides 

bonds and fatty acids. 

 

Fig. 4.6 
13

C CP/MAS spectra of Tunicates Powder 

4.2. Deep Eutectic Solvents (DES) 

Abbott et al. 
145

 first introduced a deep eutectic solvent (DES), a mixture of cho-

line chloride and urea, in 2003. Since then, DESs have garnered considerable attention 

due to their low toxicity, biodegradability, and ease of preparation. These solvents 
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represent a significant breakthrough in green chemistry, offering environmentally 

friendly alternatives to traditional solvents 
146

. While DESs resemble ionic liquids (IL), 

they possess distinct characteristics that enhance their sustainability and versatility for 

various applications, including catalysis, electrochemistry, and material processing. 

Notably, DESs can be produced from readily available, low-cost starting materials 
147

. 

DESs are formed by combining a hydrogen bond donor (HBD) and a hydrogen 

bond acceptor (HBA), typically an organic salt, as depicted on Fig. 4.7. Upon mixing at 

a specific molar ratio, these components create a eutectic mixture with a melting point 

significantly lower than that of either individual component 
148

. 

 
Fig. 4.7 The mixing principle of DES upon the addition of HBA with HBD 

148
 

The lower melting points of DESs are attributed to the formation of hydrogen 

bonds between the HBD and HBA, which reduces the lattice energy of the system. The 

phase diagram (Fig. 4.8) illustrates the formation of a eutectic solution, characterized 

by a minimum melting point significantly lower than that of its individual components. 

For example, choline chloride:urea DES prepared in a 1:2 molar ratio exhibits a melting 

point of 12 °C, significantly lower than that of choline chloride (302 °C) or urea (133 °C) 

145

. 
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Fig. 4.8 Schematic representation of a eutectic point on a two-component phase diagram 

The properties of DESs depend on the nature of the HBA/HBD combination, the 

molar ratio, water content, and temperature 
149

. DESs are classified based on the type 

of HBD used, as shown in Table x. Four main types of DESs have been reported apart 

from fifth type of DES has also been mentioned in the literature 
150

. The general formula 

used for DESs description: 

R+A−xB, 

where R+ is ammonium, sulfonium, and phosphonium cation core. A and B are Lewis 

base with halide anion and Levis acid, respectively. The complex formation is observed 

between x and Lewis or Bronsted acid B (x defined as B number of molecules reacted 

with anion). 

Table 4.4 General classification of DESs 
150
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Type I DESs are formed by mixing quaternary ammonium salts, such as choline 

chloride, with anhydrous metal salts. The anhydrous nature of these salts ensures that 

the DES retains its ionic properties and maintains a relatively low melting point. Com-

mon metal salts used in Type I DESs include zinc chloride (ZnCl₂) and tin chloride 

(SnCl₂) 151

.  

Type II DESs are similar to Type I, but they differ in that the metal salts used in 

their formation are hydrated, meaning they contain water molecules in their crystalline 

structure 
152

. Hydrated metal salts, such as FeCl₃·6H₂O and ZnCl₂·6H₂O, introduce wa-

ter into the DES, which can have a significant impact on the physical properties of the 

solvent, such as reducing the viscosity and altering the melting point.  

In Type III DESs, a quaternary ammonium salt (HBA), such as choline chloride, 

is mixed with a neutral organic compound that serves as the hydrogen bond donor 

(HBD). The HBD is typically a small molecule like urea, glycerol, ethylene glycol, or 

carboxylic acids (e.g., lactic acid) 
153

. The resulting DES is liquid at or below room 

temperature due to the strong hydrogen bonding between the HBA and the HBD, which 

disrupts the crystal lattice and lowers the melting point. This type of DES is the most 

widely studied and commonly used category of deep eutectic solvents.  

Type IV DES involve metal salts combined with HBDs, such as urea, thiourea, 

or carboxylic acids. In this case, the metal salt itself acts as the hydrogen bond accep-

tor, and the hydrogen bond donor stabilizes the system through interactions with the 

metal cation.  

Additional Type V DES relatively indicated as new class mixture of non-ionic 

molecular HBA and HBD 
154

. Although it exhibits depression in melting points like DESs, 

there is no ionic contribution. Hydrogen bonding was especially predominant in this 

class of DESs.  

In addition to the general classification, there is also a subtype of natural deep 

eutectic solvents (NADES), which consist of natural products such as organic acids, 

amino acids, sugars, choline or urea. 
155

. 
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4.3. Extraction by DES 

The extraction process with DES is affected by several factors: affinity between 

DES and the target compounds, the water content of samples, DES composition, the 

liquid/solid ratio between DES and sample, and the conditions of the extraction method. 

After a deep analysis of the factors affecting the cellulose extraction from ma-

rine biomass, a microwave-assisted treatment of tunicates with an acidic DES formed 

by equimolar amounts of choline chloride (ChCl) and oxalic acid (OxAc) was  

selected 
156

. Since the tunicate powder includes both the outer shell containing mainly 

cellulose and the internal organs, comprising proteins and lipids, carvacrol, a hydro-

phobic media, was used to separate neutral lipids from biological tissues 
157

. In addi-

tion, microwave irradiation was exploited aiming to speed up the extraction process 

and to guarantee a uniform temperature distribution throughout the system. The ex-

tracted material (as a brown solid paste) was then characterized by TGA/DSC, FTIR-

ATR and SEM.  

Different experimental conditions were applied: 

• Extraction medium:  

1) choline chloride and oxalic acid (DES);  

2) Carvacrol (CV);  

3) DES and Carvacrol (DES_CV),  

• DES - MW treatment time (60 min, 30 min); 

• DES - MW treatment temperatures: 80°C, 85°C, 90°C. 

 

In Fig. 4.9 a schematic representation of the treatment of Tunicate Powder (TP) 

is reported.  
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Fig. 4.9 Schematic representation of microwave DES treatment of tunicate powder 

 

In route A, ChCl and OxAc (1:1) were mixed at 80
o

C until a transparent DES 

homogeneous solution was obtained. 1.0 g of TP was then added to DES and mixed 

under microwave irradiation. After cooling, 25 mL of deionized water was added, and 

the resulting suspension was filtrated off, washed twice with 50 mL of water, dried at 

85°C and grounded to a homogeneous powder by mortar. Aiming at optimizing the DES 

treatment process, different conditions were tested (30 min and 60 min of microwave 

treatment time and different MW temperatures: 80°C, 85°C and 90°C). 
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Fig. 4.10 and fig. 4.11 reports TGA and DTG curves of pristine TP (black), Cel-

lulose Reference (red), DES-treated TP under microwave irradiation for 30 minutes 

(blue) and 60 minutes (green). The TGA curve of the pristine TP (black) reveals different 

reactive phases. In the first stage (25-200°C, Fig. 4.10, with peak at 93°C, Fig. 4.11), 

a slight weight loss is registered (up to 8%), due to dehydration and/or elimination of 

water and light volatiles 
157

; a significant mass loss (approximately 35 wt%) is observed 

in the range of temperatures of 200-450°C (Fig. 4.10), ascribed to the thermal decom-

position of carbohydrates (including cellulose, 325°C, Fig. 4.11) and proteins (the two 

shoulder at 245°C and 415°C, Fig. 4.11). In the temperature range of 420-600°C, the 

tunicate mass decayed slightly, indicating the decomposition of lipids, which usually 

occurs at higher temperatures with respect to proteins and carbohydrates (Fig. 4.10). 

The last stage, at temperatures higher than 600°C, can be attributed to CO2 loss from 

carbonates in the solid residue (Fig. 4.10). The TGA curves did not reach the final plat-

eau, probably due to the different transition phases of salts and oxides in the ash con-

tent, that seems to reach approximately 15% of total weight. The high ash content for 

all ascidian species is attributed to the high salinity of the sea waters 
158

. 

 
Fig.4.10 TGA curves of pristine TP, cellulose and TP treated with DES during 30 and 60 minutes 
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Fig.4.11 DTG curves of pristine TP, cellulose and TP treated with DES during 30 and 60 minutes 

Fig. 4.10 a highlights that an increased MW irradiation time caused a slight 

increase (approx. 10%) of the efficiency of cellulose extraction. The DES treatment re-

sulted in removal of proteins, as indicated by the disappearance of the peak at 245°C 

in the DTG curves of the extracted residues (Fig. 4.11). In addition, a slight shift of the 

temperature of decomposition of carbohydrates can be noticed in the TG curves of the 

treated TP, probably due to the different crystallinity and/or morphology of the cellulose 

extracted. Nevertheless, the extracted materials still contained residues of lipids (as 

revealed by the presence of the peak at 415°C, Fig. 4.11). In addition, the treatment for 

60 minutes caused the formation of new peaks at 145°C and 485°C in the DTG curve 

of the solid residue. These two new peaks with the one at 700°C are indicative for the 

three stages of calcium oxalate decomposition 
159

 (blue curve, Fig. 4.11). The formation 

of calcium oxalate during DES treatment for 60 min. was confirmed also by IR analysis 

(vide infra). 

CaC2O4·H2O ↔ CaC2O4 + H2O    (4.1) 

CaC2O4 → CaCO3 + CO     (4.2) 

CaCO3 ↔ CaO + CO2     (4.3) 
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Then, the effect of the temperature increasing in the MW-assisted treatment 

was investigated. Fig. 4.12 and 4.13 report the TGA and DTG curves of DES-treated TP 

under MW irradiation at three different temperatures: 80°C (blue), 85°C (green) and 

90°C (purple), respectively, indicating no significant differences in terms of proteins, 

lipids and carbonates removal from the extracted brown paste. In all three cases, the 

appearance of the peak at 485°C in the DTG curves (Fig. 4.13) was registered. 

 
Fig.4.12 TGA curves of pristine TP, cellulose and TP treated with DES at  

three different temperatures  
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Fig.4.13 DTG curves of pristine TP, cellulose and TP treated with DES at  

three different temperatures  

Aiming at testing the efficiency of the purification of the cellulose residue, two 

additional procedures were developed: treatment with carvacrol, a hydrophobic organic 

compound (Fig. 4.9, Route B) and MW-assisted treatment with DES followed by car-

vacrol washing (Fig. 4.9, Route C). In both cases, a microwave treatment time of 60 

min at 85°C was used.  

Fig. 4.14 and 4.15 reports TGA and DTG curves of the relevant solid residues. 

A close inspection of Fig. 4.14 highlights that the use of carvacrol (CV) alone or in 

combination with DES had no effect on the extraction process compared to the use of 

DES, which gives the best results in terms of cellulose extraction. However, the peak 

at 485°C and the slight shoulder at 145°C appear only in the DTG curve of TP treated 

with DES (Fig. 4.15), confirming the presence of calcium oxalate as by-product for-

mation during DES treatment process. 
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Fig.4.14 TGA curves of TP, cellulose and TP treated with different solvents  

 

Fig.4.15 TGA curves of TP, cellulose and TP treated with different solvents  

 

Fig. 4.16 shows the FTIR spectra of the pristine tunicate powder (TP) and the 

residues analysed with the three different extraction routes (DES, CV, and DES+CV). 

a

) 
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The FTIR spectra of cellulose reference material is also reported. Different characteristic 

peaks of cellulose are visible: the peak at 1027 cm
-1

 (due to the asymmetric stretching 

of the of C─O─C) is the most intense band. In addition, the absorption band at 1158 

cm
-1

 belongs to the C─O─C group, while the slight shoulder at 1740 cm
-1

 is referred 

to C=O in lipid esters.  

The spectra of DES-treated material showed in both cases (either with or with-

out CV treatment) new peaks at 1620, 1316, and 778 cm
-1

, characteristic of calcium 

oxalates, which precipitated as insoluble salts during DES treatment with oxalic acid 

and choline chloride. Further tests with different DES compositions will be tested to 

avoid the formation of insoluble oxalate salts in the cellulose extracted by DES.  

 

Fig.4.16 FT-IR spectra of TP (black), cellulose reference (magenta) and TP treated with DES (red),  

CV (blue) and DES+CV (green) 

 

The samples after treatment with DES and carvacrol were also investigated by 

Solid-state NMR spectroscopy (Fig. 4.17). 
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Fig. 4.17 
13

C CP/MAS spectra of TP (red), TP treated with carvacrol (green), TP treated with DES (blue) 

 

The 
13

C CP/MAS spectrum of the TP after treatment with carvacrol, (Fig. 4.17 

green) shows only the disappearance of the signal at 30 ppm, which is usually assigned 

to the methylene carbon of aliphatic chains. The 13C CP/MAS spectrum of the TP after 

DES treatment (Fig. 4.17 blue) shows signals related only to cellulose and a small 

amount of lipids, besides traces of oxalate (blue arrow) and choline (red arrow). 

To investigate the morphological structure of pristine TP and TP after the  

MW-assisted DES treatment at 85°C for 60 min, SEM analyses were performed 

(Fig.4.18). SEM image of the material recovered after DES treatment revealed the pres-

ence of the extracted cellulosic material as long fibrils (Fig. 4.18b-c). The presence of 

long cellulose fibrils and a reticular structure indicated the presence of a small residual 

lipid content that gave to the extracted material a film-like consistency. The fibril length 

obtained from tunicates was between 100 mm and 1000 mm, with a cross-sectional 

diameter of about 10-30 mm (Fig. 4.18c). In addition, Fig. 4.18c shows the presence 

of granular inorganic salts besides cellulose fibrils. 

 



Waste Valorization for Sustainable Advanced Materials and Catalysts 

93 

 

 
Fig.4.18 SEM micrographs of: (a) pristine TP; (b) TP after DES treatment process analyzed as solid 

paste; (c) TP after DES treatment process analyzed as diluted water suspension after homogenizing 

process (the SEM specimen was dried before analysis)  

4.4.  Extraction of cellulose from tunicates with traditional methods 

At present, the main extraction methods of cellulose in tunicate are alkali treat-

ment and the kraft paper process 
75

. However, all the extraction examples reported in 

literature have been carried out on tunicates that previously removed of the internal 

organs. To compare the efficiency of cellulose extraction using DES and the standard 

method, cellulose was extracted from TP according to the methodology reported by 

Dunlop 
85

, with some modifications. The treatment was carried out in two steps, as 

detailed in the experimental part. The first step was deproteinization of TP in 5% NaOH 

solution at 80°C for 24 hours. The second stage was bleaching in an aqueous solution 

of sodium chlorite and acetic acid at 60°C. 

c

) 
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 TGA and DTG curves of tunicate powder before treatment, after step 1 extrac-

tion and after step 2 extraction are reported in Fig.4.19 and Fig.4.20 respectively.  Since 

a different instrument with lower nitrogen flow was used for TGA of the standard ex-

traction samples, the main peaks were shifted in contrast to the above samples. The 

TGA curve of the sample after the step 1 of treatment (Fig.4.19 blue line) shows a mass 

loss of approximately 40% within 300-400°C. In contrast, the sample after two subse-

quent steps of treatment (Fig.4.19 green line) exhibits a mass loss of over 60%. 

 
Fig.4.19 TGA curves of pristine TP, cellulose and TP after first and second step of extraction 

 

The purification first step shows complete removal of proteins, but it is not ef-

fective in removing lipids and carbonates, as shown by the DTG peaks at 467°C and 

707°C (Fig. 4.20, blue). After the second step of extraction, these peaks are absent 

(Fig. 4.20, green), indicating the effectiveness of treatment with a mixture of sodium 

chlorite and acetic acid in lipids and carbonates removal. 
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Fig.4.20 DTG curves of pristine TP, cellulose and TP after first and second step of extraction 

 

Comparison of the extraction methods by conventional two-step method and 

DES extraction are shown in Fig. 4.21 and 4.22. As illustrated by the thermogravimetric 

analysis curves (Fig. 4.21), the efficiency of the two-stage extraction of cellulose from 

tunicates is comparatively higher than that of the DES extraction. However, the long 

extraction time, energy and reagents cost consumed, are significantly higher than the 

advantage in cellulose yield. 
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Fig.4.21 TGA curves of pristine TP, cellulose and TP after extraction by DES and standard extraction 

 

 
Fig.4.22 DTG curves of pristine TP, cellulose and TP after extraction by DES and standard extraction 
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4.5.  Conclusions 

The innovative extraction system based on the use of an acidic DES (choline 

chloride and oxalic acid in 1:1 molar ratio) under microwave irradiation at 85°C seems 

to be promising for obtaining cellulose from tunicates. TGA, FTIR, NMR and SEM anal-

yses were used to characterize the extracted cellulosic material obtained from the DES 

treatment process. However. the properties of the cellulosic residue suggest the need 

for further investigation to identify the best purification process. Extracted tunicate cel-

lulose may be of great interest for applications in various fields such as biomedicine, 

energy and electronics, polymer reinforced materials, food packaging, paper and envi-

ronmental engineering, therefore the proposed protocol using DES for cellulose extrac-

tion could be of interests for the valorisation of waste products from the aquaculture 

sector. 
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5. EXPERIMENTAL PART 

5.1. Cu/Steel Slags catalysts 

5.1.1 Synthesis of Cu /Steel Slags catalysts 

10% Cu/Steel Slags precursor  

0.786 g (3.14 mmol) of copper sulphate pentahydrate (CuSO4∙5H2O) was dis-

solved in 50 ml of H2O in round bottom flask, and then added of 1.8 g of Steel Slags 

and 50 ml of H2O. The flask was placed in an oil bath at 40
o

C for 2 hours under magnetic 

stirring. Afterwards, the solid material was separated by centrifugation and washed 3 

times with water (3 x 25 mL). The obtained grey paste was dried at 80
o

C in oven over-

night. Yield = 1.955 g of 10%Cu/Steel Slags precursor was obtained. 

 

10%Cu/Steel Slags catalyst reduced by H2 

Reduction copper particles from Cu
2+

 to Cu
0

 was performed by calcination of 

1.5 g of 10% Cu/Steel Slags precursor in steel reactor under 5.0 bar of H2 at 300
o

C for 

1 hour. Yield = 1.43 g 

 

10%Cu/Steel Slags catalyst reduced by NaBH4 

0.786 g (3.14 mmol) of copper sulphate pentahydrate (CuSO4∙5H2O) was dis-

solved in 50 ml of H2O in round bottom flask, and then added of 1.8 g of Steel Slags 

and 50 ml of H2O. The flask was placed in an oil bath at 40
o

C for 2 hours under magnetic 

stirring. Afterwards, a 1 M NaBH4 solution was added dropwise until the color of the 

suspension changed from grey to black. The resulting mixture was left at room tem-

perature overnight until bubbling ended. Subsequently, the black solid part was sepa-

rated by centrifugation and washed 3 times with water (3 x 25 mL). The obtained dark 

grey paste was dried at 80
o

C in an oven overnight. Yield = 1.864 g of 10%Cu/Steel 

Slags catalyst reduced by NaBH4 was obtained. 

15% Cu/Steel Slags precursor  

1.777 g (4.72 mmol) of copper sulphate pentahydrate (CuSO4∙5H2O) was dis-

solved in 50 ml of H2O in round bottom flask, and then added of 1.7 g of Steel Slags 
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and 50 ml of H2O. The flask was placed in an oil bath at 40
o

C for 2 hours under magnetic 

stirring. Afterwards, the solid part was separated by centrifugation and washed 3 times 

with water (3 x 25 mL). The obtained grey paste was dried at 80
o

C in an oven overnight. 

Yield = 2.024 g of 15%Cu/Steel Slags precursor was obtained. 

 

15%Cu/SteelSlags catalyst reduced by H2 

Reduction copper particles from Cu
2+

 to Cu
0

 was performed by calcination of 

1.0 g of 15% Cu/Steel Slags precursor in steel reactor under 5.0 bar of H2 in 300
o

C 

during 1 hour. Yield = 0.95 g 

 

15%Cu/SteelSlags catalyst reduced by NaBH4 

1.777 g (4.72 mmol) of copper sulphate pentahydrate (CuSO4∙5H2O) was dis-

solved in 50 ml of H2O in round bottom flask. After complete dissolving and 1.7 g of 

Steel Slags and 50 ml of H2O were added. Flask was placed in oil bath in 40
o

C for 2 

hours with magnet stirrer mixing. After 2 hours  1 M NaBH4 solution was added drop-

wise until color changing from gray to black. The resulted mixture was at room tem-

perature during night until bubbling ended. After black solid part was separated by cen-

trifugation and washed 3 times with water (3 x 25 mL). Washed dark grey paste was 

dried in 80
o

C oven during night. Yield = 1.696 g of 15%Cu/SteelSlags catalyst reduced 

by NaBH4 was obtained. 

 

20% Cu/Steel Slags precursor  

1.571 g (6.29 mmol) of copper sulphate pentahydrate (CuSO4∙5H2O) was dis-

solved in 50 ml of H2O in round bottom flask. After complete dissolving, 1.6 g of Steel 

lags and 50 ml of H2O were added. The flask was placed in oil bath at 40
o

C for 2 hours 

with magnet stirrer mixing. Then, the solid part was separated by centrifugation and 

washed 3 times with water (3 x 25 mL). The obtained grey paste was dried at 80
o

C in 

oven overnight. Yield = 2.318 g of 20%Cu/SteelSlags precursor was obtained. 
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20%Cu/SteelSlags catalyst reduced by H2 

Reduction copper particles from Cu
2+

 to Cu
0

 was performed by calcination of 

2.0 g of 20% Cu/Steel Slags precursor in steel reactor under 5.0 bar of H2 in 300
o

C 

during 1 hour. Yield = 1.95 g 

 

20%Cu/SteelSlags catalyst reduced by NaBH4 

1.571 g (6.29 mmol) of copper sulphate pentahydrate (CuSO4∙5H2O) was dis-

solved in 50 ml of H2O in round bottom flask, and then added of 1.6 g of Steel Slags 

and 50 ml of H2O were added. The flask was placed in an oil bath at 40
o

C for 2 hours 

under magnetic stirring. Afterwards, a 1 M NaBH4 solution was added dropwise until 

the color of the suspension changed from grey to black. The resulted mixture was left 

at room temperature overnight until bubbling ended. Then, the black solid part was 

separated by centrifugation and washed 3 times with water (3 x 25 mL). The obtained 

dark grey paste was dried at 80
o

C in an oven overnight. Yield = 1.56 g of 

20%Cu/SteelSlags catalyst reduced by NaBH4 was obtained. 

 

15%Cu/SteelSlags precursor with mixing time 15h 

2.223 g (9.44 mmol) of copper sulphate pentahydrate (CuSO4∙5H2O) was dis-

solved in 100 ml of H2O in round bottom flask, and then added of 3.4 g of Steel Slags 

and 100 ml of H2O. The flask was placed in an oil bath at 40
o

C for 15 hours under 

magnetic stir. Afterwards, the solid part was separated by centrifugation and washed 3 

times with water (3 x 25 mL). The resulting grey paste was dried at 80
o

C in an oven 

overnight. Yield = 4.470 g of 15%Cu/SteelSlags precursor with mixing time 15h was 

obtained. 

 

15%Cu/SteelSlags precursor with ultrasonic pretreatment 

3.4 g of Steel Slags and 100 ml of H2O were mixed in round bottom flask for 

10 min and ultrasonicated for 10 min. At the same time 2.223 g (9.44 mmol) of copper 

sulphate pentahydrate (CuSO4∙5H2O) was dissolved in 100 ml of H2O and then added 

to the first mixture. The flask was placed in an oil bath at 40
o

C for 2 hours under mag-

netic stirring. Afterwards, the solid part was separated by centrifugation and washed 3 

times with water (3 x 25 mL). The obtained grey paste was dried at 80
o

C in an oven 
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overnight. Yield = 4.379 g of 15%Cu/SteelSlags precursor with ultrasonic pretreatment 

was obtained. 

5.1.2 Catalytical tests 

General procedure for reduction of nitroarenes 

0.5 mmol (61.55 mg) of nitrobenzene, 3.0 mmol (113.4 mg) of NaBH4, 50 mg 

of Cu/SS catalyst and deionized water (5 mL) were added in a round-bottom flask (25 

mL) equipped by a gas bubbler to discharge the hydrogen excess produced during 

reaction. The mixture was stirred at room temperature (25
o

C) for 2h. After reaction 

completion the product was extracted with ethyl acetate (5 mL) and analyzed by GS-

MS with the internal standard method (diphenyl). 

 

Recycling test 

2.0 mmol (246.22 mg) of nitrobenzene, 6.0 mmol (113.4 mg) of NaBH4, 200 

mg of Cu/SS catalyst and deionized water (10 mL) were added in a round-bottom flask 

(25 mL) equipped by a gas bubbler and the mixture was stirred at room temperature 

(25
o

C) for 2h. After reaction completion the product was extracted with ethyl acetate (5 

mL) and analyzed by GS-MS with the internal standard method (diphenyl). After each 

cycle of reaction, the catalyst was washed with deionized water (3 x 15 mL) and meth-

anol (15 mL), dried at 80°C and used for a subsequent run. 

5.2. Tunicates 

5.3.1 Sample preparation and analysis 

Colonies of C. oblonga were collected from the mussel farming ropes. Colonial 

zooids were manually detached from the mussels and ropes, washed with seawater, 

and frozen at -86 °C until further analyses. Prior to the laboratory analyses, all samples 

were thawed and first rinsed with tap water and then with deionized water in order to 

remove seawater and impurities. For analyses, all tissues of C. oblonga were processed 

in their entirety, freeze-dried for 72 hours in the CoolSafe lyophilizer (55-9 PRO model, 

Labogene, Denmark) and pulverized in the vibrational cryogenic mill (SPEX SamplePrep 

Freezer/Mill 6875, USA). 
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Proximate composition. Moisture (water) content was determined gravimetri-

cally after drying to constant weight at 103 ± 2°C as recommended by Official Methods 

(AOAC, 1995). Mineral content (ash) was determined by combusting 5 g of sample at 

550°C and weighing the ash after cooling (AOAC, 1995). Crude protein was analysed 

by Kjeldahl method and calculated from nitrogen content using conversion factor N × 

6.25 (AOAC, 1995). Crude fat content was determined by the two step extraction with 

cyclohexane and propan-2-ol mixtures as solvents (Smedes, 1999). After extraction, 

solvents were evaporated under vacuum, extracted lipids were dried for 3 hours at 103 

± 2°C and weighed. 

5.3.2 Cellulose extraction procedures 

Extraction by DES (TP_DES).10.5 g of Choline Chloride and 9.5 g of Oxalic Acid 

were placed in oil bath at 80°C until homogeneous transparent solution was obtained. 

Afterwards, 1.0 g of tunicate powder (TP) was added to DES solution and treated in 

Microwave reactor at 80/85/90 °C for 30 min or 1 h. After cooling, deionized water (25 

mL) was added, and the resulting mixture was filtrated by glass filter and washed 2 

times with 50 ml of deionized water. The obtained wet brown paste was removed from 

the filter surface, dried overnight at 85 °C and ground to a homogeneous powder by 

mortar. 

 

Extraction by carvacrol (TP_CV). 0.5 g of tunicates powder (TP) and 5.0 g of 

carvacrol were mixed at room temperature for 1 hour.  The mixture obtained was cen-

trifugated and the solid part was washed with 96% Ethanol (4 times, 10 ml) until ob-

taining a colorless washing liquid. Next, the solid part was dried overnight at 85 °C in 

an oven. 

 

2 step extraction by DES and carvacrol (TP_DES_CV). 0.247 g of TP_DES 

powder (obtained at treating temperature of 85°C) and 2.5 g of carvacrol were mixed 

at room temperature for 1 hour.  The mixture obtained was centrifugated and the solid 

part was washed with 96% Ethanol (4 times, 10 ml) until obtaining a colorless washing 

liquid. Next, the solid part was dried overnight at 85 °C in oven. 
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2 step extraction. 3.0 g of tunicates powder and 45 mL of 5% sodium hydroxide 

solution were placed in a round bottom flask, covered and mixed intensively with a 

magnetic stirrer at 80 °C for 24 hours. The resulting solution was filtered through a 

paper filter, the solid precipitate was washed with deionized water until the filtrate was 

below a pH of 10. The resulting paste was placed in 50 mL of deionized water and 

mixed at 60 °C. The pH of the solution was then adjusted to 5.5 by adding glacial acetic 

acid dropwise. Under strong stirring, 100 mg of 80% purity NaClO2 powder and 0.5 mL 

of glacial acetic acid were added to the reaction mixture. The reaction was covered and 

allowed to react for 1 hour at 60 °C with periodic stirring. Then a second addition of 

100 mg NaClO2 and 0.5 mL of glacial acetic acid was added and stirred for 1 hour. 

Three more additions of NaClO2 and glacial acetic acid were made in the same fashion. 

The product was then allowed to cool and settle overnight, followed by filtering through 

a paper filter, washing with deionized water and drying at 80 °C. 

5.3. Analysis  

X-ray fluorescence analysis (XRF) 

Elemental analysis was provide using a portable energy dispersive XRF spec-

trometer NITON™ XL3t, Thermo Scientific (Waltham, USA) with Ag collimator source 

(spot size ~ 6 mm) operating at 50 kV and 40 μA, and is equipped with a large area 

SDD detector (160 eV resolution @ Mn Kα). Each sample was analyzed in triplicate for 

120 s (live time) and the results averaged. Quantitative data were obtained using the 

Thermo-NITON instrument proprietary software (NDTR version 6.5.2). 

 

Fourier-transform infrared spectroscopy (FT-IR) 

Fourier Transform Infrared FT-IR spectra of samples were recorded on a Jasco 

FT/IR 4200 spectrophotometer in ATR (Attenuated Total Reflectance) mode with dia-

mond crystal as focusing component in wavenumber range 4000-400 cm
-1

. 
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X-ray diffraction (XRD) 

X-ray powder diffraction data were collected in air using a PANalytical Empy-

rean X-ray diffractometer with Bragg-Brentano geometry, large beta filter-Nickel, detec-

tor (PIXcel3D) and CuKα radiation, operating at 40 kV/40 mA. The powder was depos-

ited on a PANalytical powder sample holder for the flat-plate Bragg-Brentano geometry. 

The X-ray data were collected in the 2θ range 10-85° (step size 0.026°, Counting time 

(s): 330.990). The diffraction patterns were processed using the PANalytical B.V. soft-

ware HIGHScore Plus version 3.0e. 

 

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) 

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) 

were performed in a nitrogen flow (100 mL min
-1

) with a SDT Q600 TA Instruments in 

the range from 30 to 1000°C with a heating rate of 10°C min 

 

Field-emission scanning electron microscopy (FESEM) 

A Field-emission scanning electron microscopy FESEM Zeiss Σigma 300 VP 

(Zeiss Oberkochen, Germany) equipped with an energy dispersive spectrometer (EDS) 

C-MaxN SDD (Oxford Instruments, Oxford, U.K.) with an active area of 20 mm
2

 (Oxford 

Instruments, Oxford, U.K.) was used to perform analysis on the selected samples. 

 

Nuclear magnetic resonance (NMR) 

NMR experiments were conducted using a Bruker Avance 400 spectrometer 

equipped with a 5 mm inverse broadband (BBI) probe. All acquisitions were carried out 

at 298 K using the following parameters: 32 scans, a time domain of 64 k data points, 

an acquisition time of 4,08 s, a spectral width of 20 ppm centered at 4,7 ppm, a recycle 

delay of 10 seconds. The spectra were calibrated at 0 ppm using the signal of TMS as 

primary standard reference and the solvent residual peak as secondary standard which 

are respectively 2.50 ppm for DMSO-d5 and 7.26 ppm for chloroform. 
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Solid-state nuclear magnetic resonance (Solid-state NMR) 

Solid-state NMR analyses were performed on a Avance I 400 spectrometer 

(Bruker Biospin GMBH, Rheinstetten, Germany) (operating at a frequency of 100.6 MHz 

for 
13

C) using a 4.0 mm HX MAS probe at 298 K. For the MAS experiments, the samples 

were packed into zirconia rotors. The chemical shifts for 
13

C were referenced against 

SiMe4 (0 ppm) by using the methylene signal of adamantane (δ 38.48) as a secondary 

reference. The 
1

H-
13

C CP/MAS NMR experiments were acquired using an acquisition 

time of 30 msec, a spectral width of 50 kHz (500 ppm) centered at 100 ppm, a 3.25 

μs proton π/2 pulse length, an nCP of 55.0 kHz, a contact time of 1.0 ms, a dec of 

76.9 kHz, and a recycle delay of 6.0 s. For all samples the number of scans were 512. 

The spinning rate for the 
1

H-
13

C CP/MAS NMR spectra was 9 kHz. A two-pulse phase 

modulation (TPPM) decoupling scheme was used for the 
1

H decoupling. 

 

Fatty acid composition 

Lipids for determination of fatty acid composition were extracted according to 

Smedes (1999). In order to preserve unsaturated fatty acids form oxidation, the final 

step of the Smedes method i.e., drying at 103 °C was excluded from the protocol. Fatty 

acid methyl esters were prepared by transesterification with methanol according to ISO 

5509:2000 method (ISO, 2000). Briefly, 60 mg of extracted lipids was dissolved in 4 

mL of isooctane and 200 μL of potassium hydroxide in methanol (2 mol/L) were added. 

Mixture was vortexed for 30 s and left for a few minutes at room temperature to react. 

Afterwards, 1 g of sodium hydrogen sulphate monohydrate was added, mixed, and 

clear supernatant containing methyl esters was transferred into the vial.  

For gas chromatographic analysis, 1 μL of prepared methyl esters was injected 

into the Agilent Technologies 6890N Network GC system (Santa Clara, CA, USA) 

equipped with flame ionization detector. Fatty acid methyl esters (FAME) were sepa-

rated on a DB-23 capillary column (60 m×0.25 mm×0.25 μm, Agilent Technologies). 

Helium was used as a carrier gas with a constant flow of 1.5 mL/min. The injector 

temperature was set at 250 °C and detector at 280 °C. The oven temperature was pro-

grammed to increase by 7 °C/min from initial 60 °C to final temperature of 220 °C where 

it was held for 17 min. The split ratio was 30:1. Fatty acids were identified by comparing 
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their retention times with the retention times of 37 Component FAME Mix (Supelco, 

Sigma-Aldrich, St. Louis, Missouri, USA). The surface normalization method was used 

to determine the quantitative composition of fatty acids expressed as the percentage of 

total fatty acids. 

Saturated fatty acids (SFA) were calculated as the sum of C:14, C:15, C:16, 

C:17, C:18, C:20 and C:22. Monounsaturated fatty acids (MUFA) were calculated as 

the sum of C16:1, C18:1 trans, and C18:1 cis. Polyunsaturated fatty acids (PUFA) were 

calculated as the sum of C18:2 cis, C18:3n3, C20:4n6, and C22:6n3. Unsaturated fatty 

acids (UFA) were calculated as the sum of MUFA an PUFA. ω-3 fatty acids were cal-

culated as the sum of C18:3n3 and C22:6n3. Ω-6 fatty acids were calculated as the 

sum of C20:4n6 and C18:2 cis. 

Prior to analysis, subsamples (0.1 g) of lyophilized tunicates were subjected to 

a total digestion in the microwave oven (Multiwave ECO, Anton Paar, Graz, Austria) in 

a one-step procedure consisting of digestion with a mixture of 6 mL nitric acid (HNO3) 

and 0.1 mL hydrofluoric acid (HF). After digestion, samples were acidified with 2% (v/v) 

HNO3 without further dilution. 

 

Multielement analysis 

Multielement analysis was performed by triple quadrupole inductively coupled 

plasma mass spectrometer (ICP-QQQ, 8900, Agilent, USA). All prepared solutions of 

lyophilized C. oblonga were analysed for total concentration of 32 trace elements (Ag, 

Al, As, Ba, Be, Bi, Cd, Co, Cr, Cs, Cu, Fe, Li, Mn, Mo, Nb, Ni, Pb, Rb, Sb, Sc, Se, Sn, 

Sr, Th, Ti, Tl, U, V, W, Y, and Zn) and 6 macroelements (Ca, K, Mg, Na, P, and S). 

Indium (In, 1 mg/L) was used as an internal standard. Quality control of analytical pro-

cedure used for element analysis was performed by simultaneous analysis of the blank 

and certified reference material Mussels (NCS ZC 78005, also known as GBW- 08571, 

China National Analysis Centre for Iron and Steel, Peking, China).  
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CONCLUSIONS 

 

The present work focused on the possibilities of converting three distinct cate-

gories of wastes (industrial, municipal, and natural wastes) into valuable resources 

following the circular economy principles, and solving at the same time the problems 

connected to their correct disposal. This kind of valorization can be achieved through 

the production of sustainable advanced materials and catalysts. The studied industrial 

wastes were steel slags, the municipal ones were spent cigarette butts, and the natural 

ones were invasive tunicates, dangerous for aquicultural activities. 

Concerning the industrial steel slags, a series of copper and iron oxide catalysts 

supported onto them were synthesized. The Cu/Steel Slags catalysts showed high ac-

tivity in the reduction of nitroarenes in water, in the presence of sodium borohydride as 

the reducing agent at room temperature. The catalyst precursor did not require any pre-

reduction and the conversion of Cu
2+

 to Cu° in the active form occurred “in situ” under 

reaction conditions. Moreover, the catalytic system was active and selective for at least 

five subsequent cycles. The FeOx/Steel Slags catalysts were employed in the catalytic 

transfer hydrogenation of nitrobenzene in the presence of isopropanol as the hydrogen 

source, without adding any external base. This kind of reaction presents a significant 

challenge due to its reliance on a green hydrogen source, which often necessitates the 

addition of toxic sodium or potassium hydroxide. However, the use of steel slags as 

support allowed to successfully catalyze the reaction without the requirement for an 

external base, due to their high basicity features. 

In the case of cigarette butts, the extraction of cellulose acetate in a unconven-

tional and ecosustainable way was exploited. To facilitate the recovery of cellulose ac-

etate polymer from cigarette butt waste, a protocol for the efficient cleaning of cigarette 

filters was systematically developed and optimized. Various green solvents, including 

water (with controlled temperature variation), NaCl solutions (with variable concentra-

tion), and ethanol (with varying concentration), were tested to establish optimal purifi-

cation conditions. 75% ethanol-water solvent mixture achieved comprehensive removal 

of tobacco combustion products. 
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The valorization of aquaculture waste, in particular the invasive tunicate species 

Clavelina oblonga, for the production of cellulose has also been considered. Extracted 

tunicate cellulose is of great interest for applications in various fields such as biomed-

icine, energy and electronics, etc. An innovative extraction system consisting of acid 

DES (choline chloride and oxalic acid in molar ratio of 1:1) under microwave irradiation 

at 85°C for 60 min was used for cellulose extraction. The material properties after DES 

treatment are comparable to conventional alkali and acid purification, demonstrating 

the potential of using DES for cellulose extraction from tunicates. Simultaneously, we 

worked on enhancing the efficiency of the conventional two-stage extraction of cellu-

lose from tunicates, by substituting with the use of DES, avoiding time-energy-reagent 

consuming protocols. 
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