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resumo 
 

 

O uso desmedido de equipamentos eletrónicos tem vindo a provocar uma 
exploração excessiva dos recursos naturais existentes e também o aumento 
mundial do lixo eletrónico – e-waste – associado ao descarte destes 
equipamentos quando atingem o seu fim de vida. O lixo eletrónico é bastante 
complexo, sendo considerado um perigo ambiental caso seja descartado 
incorretamente e também uma importante fonte secundária de materiais 
críticos caso seja valorizado corretamente. 
Assim, atendendo ao conceito da economia circular, o principal objetivo deste 
trabalho consistiu no estudo da extração e recuperação de metais críticos de 
elevado valor a partir do lixo eletrónico, usando para isso sistemas alternativos 
compostos por solventes eutécticos hidrofóbicos. 
Inicialmente foram estudadas e identificadas diversas misturas eutécticas. 
Com base neste estudo e atendendo às propriedades quelantes dos 
constituintes da mistura, foram selecionados três solventes eutécticos 
hidrofóbicos: óxido trioctilfosfina (TOPO) + timol, TOPO + ácido cáprico e ácido 
hidrocinâmico + ácido cáprico. Os diagramas de fase sólido-líquido das 
misturas foram medidos recorrendo à calorimetria diferencial de varrimento e 
as misturas caracterizadas usando diversas propriedades físico-químicas: 
densidades, viscosidades, teores de água e a estabilidade das misturas na 
presença de soluções aquosas ácidas. 
A capacidade de extração dos três solventes eutécticos selecionados foi 
inicialmente avaliada utilizando cloreto de cobre e em função de vários 
parâmetros: pH, composição da mistura eutéctica, concentração do sal 
metálico na solução aquosa e efeito da presença de diferentes sais na solução 
aquosa. A seletividade dos sistemas foi também investigada comparando as 
eficiências de extração de diferentes sais de metais de transição e do grupo da 
platina. Os eutécticos compostos por TOPO apresentam uma maior afinidade 
por metais do grupo da platina em soluções aquosas com concentração de 1 
M de HCl, enquanto sistemas compostos por extratores carboxílicos são mais 
seletivos para metais de transição como o ferro e o cobre, embora com valores 
inferiores. 
Por último, foi investigada a separação de paládio e cobre, Pd(II)/Cu(II), 
extremamente relevante na valorização de circuitos elétricos. Foram realizadas 
sucessivas extrações utilizando TOPO + timol a 1M de HCl que apresentaram 
uma eficiência de extração média no valor de 65 % para o paládio e 0 % para 
o cobre. A fase orgânica rica em metal foi facilmente recuperada, misturando-
a com uma solução aquosa ácida de tioureia. Análises de RMN e FTIR 
permitiram verificar que não foram observadas alterações na fase eutéctica 
durante os múltiplos ciclos de extração. 
Em suma, os eutécticos não iónicos estudados apresentam baixas 
condutividades, baixos custos e elevada capacidade de extração de diferentes 
metais, surgindo como alternativas sustentáveis a diversos solventes 
orgânicos e enquadrando-se no conceito da economia circular. 
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abstract Excessive consumption of electronic equipment results in an overuse of existing 
natural resources and the increasing production of electronic waste – e-waste – 
associated with the disposal of such equipment when they reach their end of life. 
Electronic waste is quite complex; it is considered an environmental hazard if it is 
disposed of incorrectly but an important secondary source of critical materials if 
properly valued. 
Thus, considering the circular economy concept, the main objective of this work 
is to study the extraction and recovery of high value critical metals from electronic 
waste, using alternative systems composed of hydrophobic eutectic solvents. 
Initially, several eutectic mixtures were studied and identified. Based on this study 
and considering the chelating properties of the constituents of the mixture, three 
hydrophobic eutectic solvents were selected: trioctyphosphine oxide (TOPO) + 
thymol, TOPO + capric acid and hydrocinnamic acid + capric acid. The solid-liquid 
phase diagrams of the mixtures were measured using differential scanning 
calorimetry and the mixtures were characterized using various physico-chemical 
properties: densities, viscosities, water contents and the stability of mixtures in 
the presence of acidic aqueous solutions.  
The extraction capacity of the three selected eutectic solvents was initially 
evaluated using copper chloride and according to several parameters: pH, 
eutectic mixture composition, metallic salt concentration in the aqueous solution 
and effect of the presence of different salts in the aqueous solution. In addition, 
the selectivity of the systems was investigated by comparing the extraction 
efficiencies of different transition and platinum group metal salts. TOPO based 
eutectics have a higher affinity for platinum group metals in aqueous solutions 
with 1 M HCl concentration, while systems composed of carboxylic are more 
selective for transition metals such as iron and copper, although with lower 
distribution values. 
Finally, the separation of palladium and copper, Pd(II)/Cu(II), extremely relevant 
in the valorisation of printed circuit boards, was investigated. Successive 
extractions using TOPO + thymol with 1 M HCl were performed. These showed 
an average extraction efficiency of 65% for palladium and 0% for copper. The 
organic phase rich in metal was easily recovered by mixing it with an aqueous 
thiourea acid solution. NMR and FTIR analyses showed that no changes in the 
eutectic phase were observed during the multiple extraction cycles. 
In short, the non-ionic eutectics studied here have low viscosities, low costs and 
high extraction efficiencies for different metals, emerging as sustainable 
alternatives to various organic solvents while fitting the concept of circular 
economy. 
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Motivation 

Environmental awareness is an important concern globally and the organizations are 

shifting their economic model, from a linear to a circular model. The main tenet of this model 

is the concept of value recovery where all waste possesses an inherent value, which if 

properly managed can be extracted [1]. 

Waste of electrical and electronic equipment (WEEE), commonly designated as 

e-waste, include all equipment such as computers, office electronic equipment, mobile 

phones, TV-sets, refrigerators, etc. and is considered globally the fastest growing type of 

waste [1, 2]. 

According to recent studies only in 2005 9 million tons of e-waste were generated in 

the EU and, until 2020, this value is expected to grow up to more than 12 million tons [2]. 

WEEE is composed by large quantities of critical metals, a crucial class of materials for 

the world economy since they constitute one of the strongest industrial basis, from which is 

possible to produce a broad range of goods and applications used in everyday life and modern 

technologies [3]. Currently, two recycling processes for the recovery of critical metals are 

used by the industry: pyrometallurgical and hydrometallurgical processes. However, while 

the first involves high energy consumptions and is not enable to recover metals from several 

different sources [1] the second typically involves the dissolution of an extractant in a 

flammable volatile organic compound (VOC) during the solvent extraction unit operation.  

A practical solution is urgently needed to fightback the e-waste worldwide problem in 

order to enhance the lifetime of several parts of these products but also to reduce their impact 

in the environment. More specifically, an alternative process to improve the extraction and 

recovery of critical metals is urgent [4].  

This work proposes the study of alternative systems to extract critical materials from e-

waste. The projected alternative is to develop a sustainable waste management within the 

framework of a circular economy to valorize and reintegrate waste products into the global 

economy. For that purpose, one focused on the study of green alternative solvents: 

hydrophobic eutectic systems (HESs). These are here used to extract critical metals and thus 

help to transform e-waste into a new value-added resource. 

This dissertation is organized into four different chapters. The introductory Chapter I is 

divided into four main sections: the first two topics provide a review over the fundamentals 
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of raw critical materials and how e-waste can be reliable to be a secondary source of critical 

materials. The last sections comprehend the hydrometallurgical process of recycling e-waste 

and a summary of alternative solvents, more focused on hydrophobic eutectic systems. 

Chapter II presents the materials and methods used in this work including a complete 

description of the laboratory methodologies used and the relevant thermodynamic 

modelling. Chapter III presents the discussion of the experimental results including the initial 

screening, the characterization of the selected systems and the studies on the metal 

extraction. Chapter IV outlines the main conclusions of this work. Relevant future work that 

would be interesting to develop is also unveiled. 
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1. Introduction 

 Circular economy 

The global economy has been built on a linear business model, in which raw materials 

are extracted, processed into the final products that are sold and, after consumption, 

discarded as waste, as illustrated in Figure 1.1 [5]. Due to more restricted policies and general 

self-awareness, this type of economy is under threat, combined with the limited availability 

of natural resources. The truth is that the rate and the way how natural resources are extracted 

and consumed is unsustainable: the speed of consumption of these materials is higher than 

the time needed to replace them. 

The transition from a linear model product production to a circular model, where 

materials are manufactured, consumed and recycled back to the production cycle is urgent. 

This economy privileges strategies based on the reuse, recovery, and recycling of materials, 

following a sustainable development model and the principles of a green economy. Thus, 

resources efficiency is ensured, based on a low carbon economy and the fight against the 

depletion of natural resources [6]. 

The circular economy focuses on three key principles [7]: 

• Design out waste and pollution; 

• Keep products and materials in use; 

• Regenerate natural systems. 

Moving to a circular economy results in much broader outcomes rather than just 

reducing the negative impacts of a linear economy. On the contrary, it represents a systemic 

shift that builds long-term resilience, generates business and economic opportunities, 

providing environmental and societal benefits [7].  

Figure 1.1 – Standard representation of Linear Economy and Circular Economy (taken from reference [5]). 
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Considering the theoretical concept of the circular economy, the present work meets 

one of its main objectives: the reuse of materials considered as waste, specifically the step 

of recycling the electronic waste. Alternative solvents for the metal ions recovery from 

aqueous wastes was investigated, turning them value-added and reusable materials. Also, if 

the recovery of these compounds is possible, a most valuable process could be implemented 

in the industry, resulting in a lower exploration of the natural reserves, increasing the utility 

of e-waste. This improvement would result as a new industry type focused on the recovery 

and purification of valued metals from e-waste. 

 Raw Critical Materials 

Over the past 20 years, fast advances in electronics and telecommunications have 

compromised the sustainability and existence of natural sources of metals in our planet. To 

meet the growing global demand of these elements, several countries have classified certain 

metals as "critical metals", identifying possible supply risks of strategically and/or 

economically important metals. Frequently, these coincide with the ones more commonly 

used in the manufacturing of electronic devices. 

The concept of "criticality" has no set definition since it depends on country-specific 

value judgment based on different factors such as: 

1. Availability and security of supply of the metal; 

2. Existence and availability of substitutes for the metal; 

3. The consequences of shortages; 

4. The strategic importance of metals applications. 

This might change over time depending of the availability, supply, demand and usage of 

these metals [8]. 

A first study demanded by the European Commission, in 2010 classified fourteen 

critical raw materials (RCMs): antimony, beryllium, cobalt, fluorspar, gallium, germanium, 

indium, magnesium, natural graphite, niobium, platinum group metals (PGMs), rare earth 

elements (REEs) heavy and light, and tungsten. Another study performed in 2013 added six 

more critical species: borates, chromium, coking coal, magnesite, phosphate rock, and 

silicon metal. The last report composed by the European Commission in 2017 included nine 

new materials to the list, namely baryte, bismuth, hafnium, helium, natural rubber, 

phosphorous, scandium, tantalum and vanadium [9]. Looking at Figure 1.2, it is possible to 

observe the distribution of 61 candidate materials to the study performed in 2017, 
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considering their economy importance and supply risk as main parameters to determine the 

criticality of each material [9]. Red dots correspond to raw critical materials whilst the blue 

ones correspond to non-raw critical materials. 

The economic importance parameter provides an idea of the importance role of each 

material for the EU economy in terms of end-use applications and the added value. On the 

other hand, the supply risk of a disruption in the EU supply of each material is based on the 

geographical concentration of primary supply of raw materials by the producing countries. 

This parameter is measured at the most critical step of obtaining the material, i.e., the 

extraction and/or processing, which presents the highest supply risk for the EU. Substitution 

and recycling are considered as risk-reduced measures [9]. 

By the analysis of Figure 1.2 it is possible to highlight the critical zone considered by 

the EU to describe the criticality of each material. All materials within the critical zone, with 

values of supply risk and economic importance above 1 and 2.8, respectively, were classified 

as raw critical materials. For a better understanding of why these materials are considered 

Figure 1.2 – Economic importance and supply risk results of the 2017 criticality assessment (taken from 

reference [9]). 
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critical it is also important to analyze the abundance of each chemical element on Earth. 

Figure 1.3 [10] illustrates the relative abundance of the chemical elements in the upper 

lithosphere. 

Taking into account the information given by Figure 1.3 it is possible to understand the 

non-uniformity of the elements distribution meaning that they are not accesible in all places. 

Moreover, the regions characterized by more abundance of these elements might constitue 

remote locations, representing disadvantages to their extraction.  

The major suppliers of critical raw materials are shown in Figure 1.4, where it can be 

seen that some countries have a wide influence in terms of raw material production. China 

Figure 1.3 – Abundance of the chemical elements in the upper lithosphere as a function of the atomic number 

(taken from reference [10]). YY axis at logarithmic scale. 

Figure 1.4 – Main countries of global CRMs supply (taken from reference [9]). 
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accounts for 70 % of the global supply. Other countries focus the supply on a specific CRM 

as Brazil and USA, which have dominant supply of niobium and beryllium, respectively. It 

is important to notice that the terms PGMs and REEs represent the platinum group metals 

and rare earth elements, being latter defined by IUPAC as the fifteen lanthanides elements, 

as well as scandium and yttrium. REEs are divided into two main categories: Light 

(lanthanum to lutetium) and Heavy (europium to lutetium, including yttrium and scandium). 

 E-waste – a secondary source of critical materials? 

Todays challenge goes through the recovery of critical materials, minimizing the 

associated abuse of natural deposits of these limited resources that exist on Earths’ surface. 

Most of these critical raw materials are present in the composition of e-waste, which turn 

these residues a key scource of critical species that may be reused.  

The Directive 2012/19/EU [11] classify WEEE into ten different categories: (i) large 

household appliances; (ii) small household appliances; (iii) information technology (IT) and 

telecommunications equipment; (iv) consumer equipment and photovoltaic panels; (v) 

lighting equipment; (vi) electrical and electronic tools; (vii) toys, leisure and sports 

equipment; (viii) medical devices; (ix) monitoring and control instruments; (x) automatic 

dispensers. Along this work, two categories of e-waste IT and telecommunications 

equipment, and consumer equipment– were mainly considered. Thus it is fundamental to 

explore the concentrations of critical metals in this type of e-waste. The review study of Cui 

et al. [12] complies literature values of weight compositions of several critical metals 

concentration in different electronic waste samples from the above mentioned categories 

(Table 1.1). 
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Table 1.1 – Weights compositions of metals from different electronic samples (adapted from reference [12]). 

Electronic waste 
Weight (%)  Weight (ppm) 

Fe Cu Al Pb Ni  Ag Au Pd 

Calculator scrap 4 3 5 0.1 0.5  260 50 5 

DVD player scrap 62 5 2 0.3 0.05  115 15 4 

Mobile phone scrap 5 13 1 0.3 0.1  1380 350 210 

PC board scrap 7 20 5 1.5 1  1000 250 110 

PC mainboard scrap 4.5 14.3 2.8 2.2 1.1  639 566 124 

PC scrap 20 7 14 6 0.85  189 16 3 

Portable audio scrap 23 21 1 0.14 0.03  150 10 4 

Printed circuit boards 5.3 26.8 1.9 - 0.47  3300 80 - 

Printed circuit boards scrap 12 10 7 1.2 0.85  280 110 - 

TV board scrap 28 10 10 1.0 0.3  280 20 10 

TV scrap (CRTs1 removed) - 3.4 1.2 0.2 0.038  20 < 10 < 10 

Legend: 1 – Cathode-ray tubes. 

The current price of several metals is presented in Table 1.2, according to data collected 

from InfoMine [13]. The price of iron was collected from reference [14]. The mass unit 

normally used in the stock market for the precious metals is troy ounce (ozt), corresponding 

to 31.1 grams. By the analysis of Table 1.2, it is important to state that prices are related not 

only with the abundance of each metal but also with its applicability.  

Table 1.2 – Prices of different metals found in e-waste. Data collected on October 10, 2019 from references 

[13, 14]. 

Metals Price (USD/ton) 

Iron 88.47 [14] 

Copper 5,644.80 [13] 

Aluminum 1,741.95 [13] 

Lead 2,178.00 [13] 

Nickel 17,573.85 [13] 

Silver 564,000.00 [13] 

Gold 48,327,324.71 [13] 

Palladium 54,303,175.31 [13] 

Platinum 28,667,493.16 [13] 

Cobalt 34,001.10 [13] 

Zinc 2,293.20 [13] 

For a better understanding of the e-waste values, the distribuition of metal X for 

different electronic scrap samples, 𝑉𝑋, was calculated acording with Equation 1.1: 

𝑉𝑋 =
100 × 𝑊𝑡X × 𝑃𝑟X

∑(𝑊𝑡X × 𝑃𝑟X)
 (1.1) 
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where 𝑊𝑡X corresponds to the weight percentage of metal X in the eletronic scrap sample, 

and 𝑃𝑟X is the current price of metal X. The results of value distributions for different scraps 

are presented in Table 1.3, where the sum of the critical metals (Ag, Au and Pd) is also 

shown. 

Table 1.3 – Calculated value distribution from different electronic samples (adapted from reference [12]). 

Electronic waste 

Value-share (%) 

Fe Cu Al Pb Ni Ag Au Pd 
Sum of 

critical metals 

Calculator scrap 0.11 5.32 2.74 0.07 2.76 4.60 75.88 8.53 89.01 

DVD player scrap 3.93 20.24 2.50 0.47 0.63 4.65 51.99 15.58 72.22 

Mobile phone scrap 0.01 2.46 0.06 0.02 0.06 2.61 56.62 38.17 97.39 

PC board scrap 0.03 5.63 0.43 0.16 0.88 2.81 60.26 29.79 92.86 

PC mainboard scrap 0.01 2.27 0.14 0.13 0.54 1.01 76.95 18.94 96.90 

PC scrap 0.89 19.96 12.32 6.60 7.55 5.38 39.06 8.23 52.68 

Portable audio scrap 1.01 58.78 0.86 0.15 0.26 4.20 23.96 10.77 38.93 

Printed circuit boards 0.06 20.55 0.45 - 1.12 25.29 52.53 - 77.81 

Printed circuit boards scrap 0.17 8.89 1.92 0.41 2.35 2.49 83.76 - 86.25 

TV board scrap 0.99 22.53 6.95 0.87 2.10 6.30 38.58 21.67 66.55 

TV scrap (CRTs removed) - 81.62 8.89 1.85 2.84 4.80 - - 4.80 

By the analysis of Table 1.3, it is possible to see that several samples assessed in this 

study, such as cell phones, calculators, PC components and printed circuit boards (PCBs) 

have more than 86 % of their value associated to critical metals. This indicates that the major 

economic driver for recycling these electronic waste is the recovery of critical metals. 

The work of Mathieux et al. [15] appears as a big effort in understanding the actual 

recycling rate of each end-of-life metal. This rate measures how much of the total material 

input is introduced into the production system from recycling of e-waste. The results of this 

revision is presented in Figure 1.5.  

Analyzing Figure 1.5 it is possible to affirm that, in general, the rates of metal recycling 

are incredibly low. Only for a few metals, such as copper, silver, lead and limestone, the 

rates are above 50 %, a value that is not satisfying at all. The highest value correspond to the 

recycling of lead reaching 75 %. Combining with the information taken from Figure 1.3 it is 

possible to understand that the EU territory is poor in terms of RCMs and, consequently, the 

EU is subject to high prices of metals pratice by the supplier countries, and their flutuactions. 

Also, the inadequate e-waste recycling actually contributes to a non-usage of the valuable 

materials, forcing the exploration of natural resources. Attending to these factors, it should 

be a prority to improve the research for alterntive processes for the recovery of critical metals 
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and also add value to the e-waste as an alternative resource of critical materials. Nowadays, 

the global economy is seeking for sustainable alternatives to get profit from used materials, 

being the recovery and reutilization of critical metals a key step for accomplishing that 

purpose. 

 Hydrometallurgical treatment of e-waste 

Two main metallurgical methods are currently used in the industry as recycling 

processes for the recovery of critical metals: hydrometallurgical and pyrometallurgical. 

Despite of the advantages of both processes, in this work only the hydrometallurgical process 

concept was studied due to lower power requirements and its capacity to recover and separate 

metals from more complex matrices. A standard representation of a hydrometallurgical 

circuit, i.e., the process of obtaining value metals from natural resources, metal ores, is 

presented in Figure 1.6 [16]. 

Figure 1.5 – Current contribution RCMs recycling to meet EU demands (taken from reference [15]). 

Figure 1.6 – Standard representation of a full process of a hydrometallurgical circuit including the solvent 

extraction step and the reagents recycling (taken from reference [16]). 
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As presented in Figure 1.6, a standard hydrometallurgical circuit is composed by a 

leaching, extraction, stripping and reducing steps. In each step occurs the removing of the 

metal from the ore, a extraction of the metal to an organic mixture, followed by a stripping, 

or back-extraction, in which the extracted metal is extracted again to a new aqueous solution 

and contacted with an reducing agent, performing the electro-chemical reducing of the metal, 

obtaining it as a final product. 

The majority of the industrial hydrometallurgical methods include the dissolution of an 

extractant in a flammable VOC in the solvent extraction step. The main goal of the present 

work is the replacement of VOCs by alternative greener solvents. 

 Alternative Solvents 

Under the concept of “green chemistry” it has been a target to decrease or fully eliminate 

the use of noxious solvents and the production of contaminated effluents in industrial 

processes. To that end, the development and application of sustainable solvents has been 

debated in different scientific and technological areas [17]. Two main groups of alternative 

greener solvents were investigated in the metals field, ionic liquids and eutectic systems.   

1.5.1 Ionic Liquids 

Ionic liquids (ILs) are molten salts at temperatures usually below 100 ºC [18, 19] and 

are typically composed of large range and unsymmetrical organic cations and organic or 

inorganic anions. These neoteric compounds present several characteristics that make them 

an interesting alternative to VOCs, such as their excellent chemical, thermal and 

electrochemical stability, nonflammability, and negligible volatility. This type of solvents 

has also been recognized by their excellent solvation ability for a wide range of components 

and materials [18]. Moreover, aiming at different characteristics and properties, their cations 

and anions can be tuned, what gives them designation of designer solvents. 

ILs have been applied in a number of industrial processes and products in different fields 

as organic synthesis, catalysis, biocatalysis, electrochemistry, and separation technology. In 

the metals field, ILs were used for the leaching and extraction of critical transition metals 

and rare earth elements from e-waste, electrodeposition of aluminum, as battery electrolytes, 

etc [20]. 
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1.5.2 Eutectic Systems 

Eutectic systems (ES) consist of mixtures of two or more compounds, where the eutectic 

point presents a lower temperature when compared to the melting temperature of each 

individual pure compound. The topic was recently approached by Abbot et al. [21] that 

proposed the concept of deep eutectic solvents (DES) as a mixture of an hydrogen bond 

donor (HBD) and a hydrogen bond acceptor (HBA). This new designation significantly 

increased the number of researches involving this type of mixtures. However, DES are 

nothing else than eutectic mixtures where the solubility curve present negatives deviations 

from the ideal behavior [22] – Figure 1.7. The negative deviations are caused by stronger 

intermolecular interactions between the two compounds than in a ‘normal’ eutectic system.  

An example of a phase diagram composed by thymol and menthol (Thy:Men) is 

presented in Figure 1.7 B [23], together with the ideal line and the COSMO-RS prediction. 

Ideally, the mixture Thy:Men presents a melting point of 287 K at a molar fraction of 0.40 

of thymol, while experimental measurements modeled with the predictive tool COSMO-RS 

suggest that the melting is much lower: around 225 K and at 0.46 of thymol. 

Table 1.4 unveils the classification of the different types of DESs, proposed by Abbott 

et al. [24]. These systems are mainly classified depending on the nature of the complexing 

agent used. DESs formed from metal chlorides, MClx, and quaternary ammonium salts are 

classified as type I. An example of this class of mixtures are the well-known 

Figure 1.7 – A: Schematic representation of the comparison of the  solid-liquid equilibrium (SLE) of an ideal 

ES (_____) and a DES (_____) (taken from reference [21]): (____) linear combination of the melting points of the 

pure components; (----) operating temperature; (……) temperature of the ideal eutectic point; (……) 

temperature of the real eutectic point; B: SLE phase diagram of the eutectic mixture composed of thymol and 

menthol (adapted from reference [23]): (---) ideality curve; (____) COSMO-RS prediction. 

A 
B 
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chloroaluminate/imidazolium salts and various metal halides [24]. Type II DES include the 

mixtures composed by hydrated metal halides and choline chloride. Mixtures of choline 

chloride and different HBD are classified as type III and have been seen as systems of interest 

due to their ability to solvate a large quantity of transition metal species, such as metal 

chlorides and metal oxides [21, 25]. 

More recently, Abranches et al. [23] proposed a new type of DES, type V, which 

consists of non-ionic components. In the present work only solvents classified as type V 

were tested for the extraction of metals from aqueous systems. 

Table 1.4 – Classification of the different types of DES [23, 24]. 

As stated before, since Abbott et al. studies regarding the first DES, this field started 

becoming popular, especially in the last decade. Catalysis, organic synthesis, dissolution and 

extraction processes, electrochemistry and material chemistry are some examples of the 

fields of application of DES [26]. Similarly to ILs, these new solvents are “designer 

solvents”, i.e., they have the advantage of combining the best individual properties of each 

compound, resulting a mixture which merges the characteristics of both species [27]. 

However, while ILs are synthetized, ES are simply mixed avoiding complex purification 

steps. Depending on the components used, ES can be benign and economic alternative to 

ILs. 

1.5.2.1 ES in Hydrometallurgy Process 

In recent studies reported in the literature, novel hydrophobic eutectic solvents, HES, 

have been emerging as a highly promising water-insoluble media with interesting 

applications including the extraction and removal of metals from aqueous solutions [28]. 

The first hydrophobic DES reported by van Osch et al. [29] in 2015, resulted of the 

combination of a carboxylic acid with long-chain quaternary ammonium salts (QAS). Later, 

other HES have been incorporating fatty acids and/or alcohols with organic salts for 

extractions of metal ions and natural products [30]. Table 1.5 summarizes the state of the art 

Type General Formula Terms 

I Cat+X-zMClx M = Zn, Fe, Sn [24] 

II Cat+X-zMClx·yH2O M = Cr, Co, Cu, Fe [24] 

III Cat+X-zRZ Z = COOH, OH [24] 

IV MClx + RZ = MClx-1
+·RZ + MClx+1

- M = Al, Zn and Z = OH, CONH2 [24] 

V Non-ionic DES Composed only by molecular substances[23] 
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regarding solvent extraction of metals using ES. Tereshatov et al. [31] investigated the 

extraction of indium with HES, using forward and back extraction. Also, van Osch et al. [32] 

reported the usage of mixtures of decanoic acid and lidocaine, at different molar ratios, to 

evaluate the extractions of several metal chlorides, such as zinc, iron, cobalt, nickel, 

potassium, manganese, copper, among others. More recently, Schaeffer et al. [33] reported 

sustainable hydrophobic terpene-based systems composed of menthol and thymol with 

different long-chain carboxylic acids (CnH(2n+1)OOH, n=8, 10, 12, 14, 16, 18), to extract and 

separate copper chloride from other metal chlorides, namely cobalt and nickel. In 2019, Shi 

et al. [34] studied a novel family of HESs composed of parabens and QAS, and used it to 

extract heavy metal chromium (VI) from aqueous samples. This study shows extraction 

efficiency above 90 % at (1:1) molar ratio of the HESs used. Even when other metals, such 

as cadmium (II) and copper (II) coexist in the solution, also with some organic compounds 

at much higher concentrations than chromium, the extraction yield is still above 90 %. The 

combination of the industrial metal extractant trioctylphosphine oxide (TOPO) with phenol 

(1:1) was already by Gilmore et al. [30] to attempt the extraction of uranyl from aqueous 

acid solutions. 
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Table 1.5 – Summary of publications on the solvent extraction of metals using hydrophobic eutectic solvents. 

HBD HBA HBD:HBA ratio Studied metals ions 
Separation 

potential 
Ref. 

CnH2nO2 (n=10, 12, 

18), 

Ibuprofen (IBP) 

[N7,7,7,7]Cl, 

Menthol 

HBD+Men (1:2) 

HBD+[N7777]Cl (2:1) 

IBP+[N7777]Cl (3:7) 

In3+ N.A. [31] 

Capric Acid  Lidocaine 2:1, 3:1, 4:1 
Co2+, Ni2+, Cu2+, Zn2+, 

Na+, K+, Li+ 

M2+ from 

M+ 
[32] 

Phenol [N1,1,1,2(OH)]Cl 2:1, 3:1, 4:1 
Co2+ with 1-nitroso-2-

naphthol 
N.A. [35] 

CnH2nO2 (n=8, 10, 12, 

14, 18) 

Thymol 

(Thy), 

Menthol 

(Men) 

C10H20O2+Thy/Men - full 

SLE studied 

Others-eutectic 

composition studied 

Cu2+, Zn2+, Co2+, Ni2+, 

Mn2+, Mg2+, Ca2+, 

Fe3+, Cr3+ 

Fe3+ and 

Cu2+ from 

others 

[33] 

Phenol TOPO Full SLE studied [UO2]2+ N.A. [30] 

CnH2nO2 (n=6, 10) 
[P6,6,6,14]Cl, 

[N8,8,8,8]Br 
2:1 

TcO4
– in the presence 

of ReO4
–, HCO3

–, Cl–, 

NO3
–, H2PO4

–, I–, 

SO4
2– 

N.A. [36] 

Capric Acid  [N4,4,4,4]Cl 2:1 
CrO4

2-, Cr3+, Cu2+, 

Ni2+ 

HCrO4
- 

from others 
[37] 

Capric Acid  [N4,4,4,4]Cl 3:1 
Ni2+ with sodium 

diethyldithiocarbamate 
N.A. [38] 

Alkyl 4-

hydroxybenzoate 
[N1,8,8,8]Cl 0.5:1 to 3:1 

CrO4
2- in the presence 

of Cd2+, Cu2+, Fe3+ 
N.A. [34] 

Legend: N.A. – Not available. 

This revision shows that the alternative HES have high potential as metal extractants 

using different components and, thus, these mixtures may be used as possible substitutes of 

the organic solvents that are used nowadays in hydrometallurgical processes. 

1.5.2.2 Type V DES as a versatile and tunable solvent extraction media 

Most extraction studies focus on Type III HES based on mixtures of bulky quaternary 

ammonium or phosphonium halide ILs as HBA and hydrophobic carboxylic acids as HBD. 

Despite their successful extraction of In3
+, TcO4

- and CrO4
2- [31, 34, 37, 39], the advantage 

of using such ionic HES over hydrophobic ILs is not immediately obvious as these suffer 

from the same drawbacks as the ILs from which they are composed, namely higher 

viscosities, cost and toxicity [40]. Ionic compounds are inherently more water soluble than 

their non-ionic equivalent and an IL cation with large alkyl moieties is required to confer 
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sufficient hydrophobicity to the HES, thereby significantly increasing the HES toxicity [41]. 

Electrostatic interactions dominate both the physical-chemical properties and the metal 

extraction mechanism in ionic HES, resulting in relatively viscous HES mixtures which 

extract anionic metal complexes via an ion-exchange mechanism. HES composed of an 

ionizable amine constituent such as lidocaine (C14H22N2O) can also be included to the 

category of ionic HES as their protonation under acidic conditions increases their water 

solubility and negatively impacts their recyclability [32]. 

Non-ionic HES, overcome the issues associated with their ionic counterparts by 

removing Coulombic interactions. Examples include mixtures of two different bio-sourced 

terpenes [42] as well as formulations where a non-ionic metal complexing ligand is 

introduced as a constituent of the HES such as for mixtures of thymol or menthol with 

carboxylic acids [33, 43] or TOPO with phenol [30]. Such HES present interesting and 

relevant properties for solvent extraction processes including low to extremely low water 

solubilities, low viscosities (typically under 50 mPa s) allowing for faster mass transfer 

properties and densities sufficiently different to that of water for efficient phase separation 

(in the range 0.90 to 0.95 g·cm-3) [30, 42, 43]. In both systems (Thy/Men + carboxylic acids 

or TOPO + phenol), metal extraction proceeded similarly to that of pure TOPO or capric 

acid in organic diluents, suggesting that non-ionic extractants may be incorporated in Type 

V HES whilst retaining their extracting properties. These results constitute extremely 

significant environmental benefits by substituting organic diluents traditionally used in 

solvent extraction by HES containing non-ionic extractants present in concentrations far 

above that soluble in most organic solvents [30, 33]. 

Considering the theoretical concept of the circular economy, the present work meets 

one of its main objectives, the reuse of materials considered was waste. The main goal is 

thus to extract critical metals from aqueous solutions using type V eutectic systems 

composed of terpenes, alcohols, organic acids and industrial metal extractants. 
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2. Materials and Methods 

This chapter contains the description of the compounds used in this work, the methods 

implemented for the preparation and characterization of the formulated ES, the screening 

procedure and the techniques applied for the metal extraction. Additionally, the 

thermodynamics modelling used is explained. 

2.1 Chemicals 

Chemical structures of several compounds used during the experiments and their 

abilities to form hydrogen bonds is shown in Figure A.1 and Table A.1 of Appendix A. The 

chemical formula, supplier, CAS number, molar mass, purities, melting properties and water 

solubility are summarized in Tables A.2, A.3 and A.4 of Appendix A. The chemicals from 

Table A.2 were used to prepare aqueous solutions, Table A.3 resumes the compounds used 

to formulate the eutectic mixtures and Table A.4 presents the studied metal salts. 

Distilled water was used in the solutions preparation. All compounds were used as 

received without additional purification steps.  

2.2 Characterization 

 Eutectic Mixtures Preparation 

Binary mixtures were prepared in different proportions using an analytic balance 

Mettler Toledo XP205 DualRange (precision = 0.2 mg). The mass of each compound was 

weighted at room conditions leading to a specific molar ratio. After mixing both components, 

the resulting mixtures were heated using a heating plate with continuous stirring, until 

becoming liquid. Then, these mixtures were stored overnight, at room conditions to check 

their stability.  

In order to measure the melting points and built the SLE phase diagrams, two different 

techniques were adopted depending on the final state of the samples: if the mixtures were 

solid, these were grounded and the powder was filled into a glass capillary – melting 

temperature apparatus. In the cases when this procedure was followed, each experimental 

point of each phase diagram was repeated at least three times. If the resulting mixtures were 

liquid, the melting temperatures were obtained using DSC. The methodology is summarized 

in Figure 2.1. 
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 Melting Temperature Apparatus 

The measurement of melting temperatures of solid mixtures were performed using a 

melting point device, model M-565 by Bucchi, 100-240 V, 50-60 Hz, 150 W, applying a 

heating rate of 0.1 K min-1. 

 Differential Screening Calorimetry (DSC) 

Small amounts, usually between 2 and 5 mg, of several prepared mixtures were 

hermetically sealed in aluminum pans and weighed in a micro-analytical balance AD6 

(PerkinElmer, precision of 0.002 mg). A Hitachi Differential Scanning Calorimetry (DSC) 

7000X model was used to determine missing melting enthalpies of pure compounds and 

melting temperatures of the liquid mixtures. Melting temperatures were taken as the peak 

temperature. The equipment as previously calibrated with several standards with high mass 

fraction purities. 

 UV-VIS Spectroscopy 

The UV-VIS analysis were performed using a BioTek Synergy HT microplate reader. 

The wavelength range used for measuring full spectrums of both phases, aqueous and 

organic, was from 200 nm to 900 nm. Metal concentration quantifications were performed 

according to the Lambert-Beer Law, Equation 2.1. Calibration curves were previously made 

using five samples with a final correlation coefficient R2 > 0.99. Table 2.1 presents the 

chosen wavelengths for the metals used in this work. 

Figure 2.1 – Schematic representation of the experimental procedure for the preparation of the mixtures and 

the measurement of the SLE phase diagrams. 
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where A, ε, l and c correspond to absorbance, molar attenuation coefficient, path length 

and molar concentration, respectively. 

Table 2.1 – Wavelengths used for the aqueous solutions characterization of the studied metals by the UV-VIS 

method. 

Metal ions Wavelength (nm) 

Cobalt (II) 510 

Copper (II) 800 

Nickel (II) 390; 740 

Iron (III) 293 

Chromium (III) 415; 580 

Palladium (II) 472 

Platinum (IV) 230 

Chromate (VI) 269; 370 

 Viscosity and Density 

At the Nice Sophie Antipolis University, viscosity and density measurements were 

performed at atmospheric pressure, in the temperature range (298.15-353.15) K using an 

Anton Paar Rheometer MCR 102 and an Anton Paar DMATM 4100, respectively. These 

equipment have uncertainties associated of u(T) = 0.01 K and u(η) = 0.01 mPa s for the 

rheometer and u(T) = 0.01 K and u(ρ) = 1 × 10−4  g cm-3 for the densimeter. At the 

University of Aveiro, the viscosity and density of the systems TOPO:Thy, TOPO:CapAc, 

and HydAc:CapAc, were all measured in a single equipment, an Anton Paar SVM 3001 

working at atmospheric pressure and in the temperature range of (283.15 – 373.15) K with 

uncertainties, u, of u(T) = 0.01 K and u(ρ) = 5 × 10−5 g cm-3 and u(η) = 0.01 mPa s. 

 Water Content 

The measurements of water contents were performed a using a Metrohm 831 Karl-

Fischer coulometer, with the analyte Hydranal®-Coulomat AG from Riedel-de Haën. 

 Nuclear Magnetic Resonance (NMR)  

A Bruker Avance 300 operating at 75 MHz was used to analyze the structures of TOPO, 

thymol, capric acid and hydrocinnamic acid pure compounds and their eutectic mixtures. 

Dimethyl sulfoxide (DMSO) was used as solvent. Moreover, to evaluate the chemical 

stability of the organic and aqueous phases, after the addiction of water, these were also 

analyzed. The organic phase was analyzed using DMSO as solvent and the water rich phase 

A = ε × 𝑙 × 𝑐 (2.1) 
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was analyzed with deuterated water (D2O) placed in a coaxial insert. The water peak was 

suppressed by using a Bruker NMR software. 

 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were obtained in a FTIR Bruker Tensor 27 equipped with a diamond 

tipped ATR accessory, FTIR-ATR, in a wavelength range of 4000-350 cm-1, with 256 scans 

and 4 cm-1 resolution. 

2.3 Development, characterization and application of new eutectic systems 

2.3.1 Initial Screening  

Mixtures Preparation 

The first step was a review of the relevant properties (melting temperatures, enthalpies 

of fusion and solubilities in water) of several compounds of interest. Parameters such as a 

low toxicity, low cost, low melting point and metal extractant character were taken into 

account. A further selection was made to select the most promising compounds. 

Thermodynamic databases like NIST WebBook [44] and scientific articles were used in data 

collection. 

The next step was to perform different mixtures from the selected components. As one 

of the main objectives of this dissertation is related to the development of a greener solvent 

to extract metals, it is convenient that the solvent is liquid at room temperature. This feature 

could be a major breakthrough when searching for alternative solvents whose extraction 

processes may occur at low temperatures or even at room temperature, saving energy from 

heating the solvents and the process to operate at high temperatures. Therefore, during the 

search of combinations for liquid solvents, three experimental points with different molar 

fractions, (1:3), (1:1) and (3:1), were initially prepared. This guarantees a good 

understanding of the behavior of each system. 

Mixtures Stability 

Additionally, for each mixture a stability test was performed at 298 K by mixing 0.8 mL 

of the different eutectic mixtures with 0.8 mL of a 0.1 M HCl solution. The resulting mixtures 

were stored at room temperature about one day to evaluate if any change occurred. A second 

study with 1 M HCl solution was performed, following the same procedure mentioned 
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before. The changes could be any difference in the physical state or color of the mixture after 

the contact with the acidic media.  

Metal extraction 

Finally, the selected mixtures were tested for metal extraction. The first extraction tests 

were performed by mixing 0.5 mL of each organic system with 2.5 mL of an aqueous 

solution rich in cobalt, iron, zinc, nickel and lithium where the concentration of each metal 

was of 1 g L-1. Afterward, each extraction point was duplicated, centrifuged and the aqueous 

phase diluted. The extraction yield was determined by quantifying the remaining quantity of 

metals in the aqueous phase, using the Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES) method with a Perkin Elmer Optica ICP OES 8300. All ICP-OES 

analysis were performed at Nice Sophie Antipolis University during the scope of a one 

month exchange. 

2.3.2 Characterization of selected HES – TOPO:Thy, TOPO:CapAc and HydAc:CapAc 

After the initial screening, three systems were selected: TOPO + thymol (TOPO:Thy), 

TOPO + capric acid (TOPO:CapAc) and hydrocinammic acid + capric acid (HydAc:CapAc). 

These three mixtures were characterized following the same above-mentioned 

procedure; however some improvements were included during the analysis of these systems. 

The full phase diagrams were determined by measuring nine different points with molar 

ratios from 0.1 to 0.9 using a visual apparatus device and DSC. Afterwards, the 1:1 molar 

ratio of each system was characterized by measuring their density and viscosity. The 1:1 

mixtures were then separately mixed with water and 1 M HCl (eutectic + water and eutectic 

+ HCl). The resulting organic phases were analyzed by measuring their water content and 

the resulting viscosities and densities. All 4 phases were analyzed by NMR and FTIR. 

2.3.3 Cu extraction in selected eutectics 

The experimental procedure accomplished during the initial extraction process based on 

CuCl2 was assessed as a function of multiple factors, including: 

• CuCl2 Concentration; 

• pH (4.8 to 1 M HCl); 

• Addiction of different sodium salts (Chloride, perchlorate, acetate, nitrate and 

sulfate); 
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• Eutectic composition; 

• Effect of different metal ions study. 

Unless otherwise stated, standard conditions of pH = 4.8, 0.01 M CuCl2, no additional 

salt and an equimolar eutectic composition were used. The organic to aqueous volume ratio 

(O:A) used in all studies was 1:2, 0.5 mL of ES with 1 mL of the aqueous solution. To 

promote the extraction, both phases were placed in an Eppendorf of 2.0 mL and then were 

mixed for 15 minutes at a speed of 1000 rpm, using an Eppendorf ThermoMixer C. 

Afterward, it was centrifugated for 5 minutes at 7000 rpm, using a VWR Micro Star 17, and 

then separated for further analysis. 

In order to evaluate the extraction capability, three parameters were studied: the 

extraction efficiency, % EE, distribution ratio, DM, and separation factor, αX/Y, when two 

metals X and Y are present in the system. Equations used were 2.4, 2.5, and 2.6, respectively. 

 % 𝐸𝐸 = 100 ×
(𝐶initial − 𝐶final)

𝐶initial
×

𝑉initial

𝑉final
 (2.4) 

(=) 
% 𝐸𝐸 = 100 ×

𝐷M

𝐷M +
𝑉aq

𝑉DES

 
 

   

 𝐷M =
(𝐶initial − 𝐶final)

𝐶final
×

𝑉aq

𝑉DES
  

(=) 𝐷M =
−% 𝐸𝐸

(% 𝐸𝐸 − 100)
×

𝑉aq

𝑉DES
 (2.5) 

   

 𝛼X
𝑌

=
𝐷MX

𝐷MY

 (2.6) 

2.3.4 Multi Element Separation 

After the copper extraction with TOPO:Thy, TOPO:CapAc and HydAc:CapAc HESs, 

a further metal extraction study involving several metal ions was performed. The affinity of 

each investigated eutectic system for chromium (VI) (as the potassium chromate salt), 

chromium (III), cobalt (II), iron (III), nickel (II), palladium (II) and platinum (IV) was 

determined.  

The initial molar concentration for each metal used was 0.01 M, with the exception of 

platinum that had an initial concentration of 0.005 M. All were diluted with distilled water. 

At a fixed volume ratio of (1:2) between the organic and aqueous phase, respectively, 

0.4 mL of each HES was mixed with 0.8 mL of an aqueous solution rich in each metal ion. 
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The extraction was performed as described in the previous section. Furthermore, the metal 

extraction systems were made with no pH control, being the pH different in each case. For 

the determination of the extraction parameters (extraction efficiency, distribution ratio and 

separation factor) triplicates samples were made. 

2.4 Recovery of palladium from concentrated copper solution 

To understand the capability of the selected HESs to perform selective extractions, the 

extraction of palladium from a rich copper solution was attempted following the extraction 

procedure described before. This methodology was applied for aqueous solutions containing 

palladium and copper in a molar ratio of 1:300 in 1 M HCl. The molar ratio between the 

metal ions used was the average value based on concentrations of palladium and copper in 

PCBs samples reported in the literature [12]. Besides the palladium extraction a stripping 

step was assessed. 

2.4.1 Stripping of palladium from HESs 

In order to remove and recover the metal ions extracted by the organic phase, a back-

extraction or stripping methodology was applied. After the recovery of the organic phases 

post extraction, these were contacted with three different aqueous solutions to shift the metal 

ions back to the aqueous phase: i) distilled water, ii) 0.1 M of thiourea diluted in 0.5 M of 

HCl, and iii) 0.1 M of sodium acetate diluted in water. This methodology leads to the 

possibility of obtaining a unique or several intermediate products rich in the extracted metals 

which after the purification make possible to obtain one salt rich in each extracted metal. 

2.4.2 Multiple extraction cycles 

To understand better the performance of the selected eutectic systems, a multiple 

extraction cycle assay was performed using only the system TOPO:Thy. Two extractions 

cycles where made at a fixed volume ratio of (1:2) between the organic and aqueous phase, 

respectively. 1 mL of TOPO:Thy was mixed with 2 mL of an aqueous solution with 

palladium and copper concentrations of 0.002 M and 0.6 M, respectively. Mixtures were 

agitated during 20 minutes at 80 rpm and centrifuged over 10 minutes at 5000 rpm. Then, 

the phases were separated, and the organic phase was contacted with 2 mL of a solution of 

0.1 M thiourea in 0.5 M of HCl. After the stripping the recovered organic phase was 

contacted again with 2 mL of the aqueous solution containing palladium and copper to 



 

24 

perform the second extraction and, eventually, the second stripping with the same solution 

of thiourea. After the stripping of the palladium metal ions from the organic phase of each 

HES, the recovered organic phase was characterized by FTIR and NMR in order to evaluate 

the possible changes of the structure of the eutectics. 

2.5 Thermodynamic Modelling 

The solubility curve used to predict the behavior of a compound i in a solution is 

described by the Equation 2.2, the Solid-Liquid Equilibrium Equation [45]: 

ln(𝑥i
L𝛾i

L) =
𝛥m𝐻i

𝑅𝑇m,i
× (1 −

𝑇m,i

𝑇
) +

𝛥m𝐶𝑝i

𝑅
× [

𝑇m,i

𝑇
− ln (

𝑇m,i

𝑇
) − 1] (2.2) 

where 𝑥i
L is the mole fraction of the component i in the liquid phase and 𝛾i

L is the activity 

coefficient, 𝑅 is the ideal gas constant and 𝑇 is the absolute temperature. The terms 𝛥m𝐻i 

and 𝑇m,i correspond to the melting enthalpy and temperature of the compound i, respectively, 

while 𝛥m𝐶𝑝i is the heat capacity change upon melting.  

Two simplifications were introduced to Equation 2.1: all systems were treated as ideal 

mixtures meaning that the activity coefficient is equal to 1, and as the heat capacity does not 

change significantly upon phase change, the term 𝛥m𝐶𝑝i was neglected [46] Thus, the phase 

diagrams of the studied systems were described by Equation 2.3, a simpler version of the 

previous equation. 
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3. Results and Discussion 

This chapter is devoted to discussing the results of the different mixtures studied and 

their application on metal extraction as solvents. It is organized into three main sections: 

Section 3.1 discusses the study and characterization of the mixtures resultant from the 

initial screening that was made with the purpose to find the potential solvents to be applied 

on metal extraction. In this section, assays performed in Portugal and France are presented. 

Section 3.2 discusses the results obtained in the characterization of the selected systems, 

including the solid-liquid phase diagrams, the physico-chemical properties and the 

spectroscopic characterization. 

Section 3.3 discusses the results on the metal extraction using the selected systems. 

3.1 Solvents Screening 

A first screening of potential eutectic formulations based on twenty-eight compounds 

selected considering their physico-chemical properties, their accessibility of forming 

hydrogen bonds and hydrophobicity character, was initially made. Based on their chemical 

and melting properties, these were then reduced to fifteen. Table B.1 lists the prepared 

combinations while Table B.2 show the results of the final state of the samples. Only 

mixtures that were liquid and stable at room temperature (298 K) and presented no visible 

sign of degradation during formulation were considered. Some systems such as Asp:CapAc, 

Asp:Thy and HydAc:Cou only crystallised after a few days, while the other solid mixtures 

crystalized almost immediately. 

From the initial 127 combinations trialed, only fourteen mixtures were selected for 

further studies, which are compiled in Table 3.1. Despite other liquid mixtures at room 

temperature, these fourteen were chosen because, in their SLE phase diagram, each one had 

a larger operating range, i.e., the molar fraction range in which the mixture is liquid under 

ambient conditions. Typically, the hydrogen bonding donor is a hydrogen atom which is 

bonded to an oxygen, being included in an alcohol or a carboxylic group; on the other side, 

the hydrogen bond acceptor corresponds to an atom which can accept a proton (hydrogen), 

such as double-bonded oxygen, of a carboxylic group. Also, the HBA might be a nitrogen 

atom that is double bonded or an atom of oxygen which is in the middle of the carboxylic 

chain, for example in an ether group. However, the oxygen’s ease to accept protons is not 

the same in all cases: the steric hindrance of the electronic cloud and the spatial arrangement 
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of the molecule are determinant factors that influence the facility of accepting hydrogens. 

Analyzing Figure A.1 and Table A.1 it is possible to understand that several chemical 

compounds presented there can act as HBD and/or HBA. Some of these compounds act as 

both donor and acceptor sites to form hydrogen bonds, such as aspirin, caffeine, eugenol, 

etc, others like thymol apparently to be only HBD which is not completely correct, since 

thymol resonance structures evidences HBA behavior. TOPO is an example of a compound 

that can only be HBA. 

Table 3.1 – The fourteen mixtures and their composition selected after the first solvent screening. 

The combinations of assessed mixtures for the solvents screening are presented in Table 

B.1, Appendix B, followed by the SLE phase diagrams of Aspirin:Coumarin, 

Aspirin:Caffeine and Coumarin:Salicylic Acid. By the analysis of the Figure B.1 it is 

possible to observe that all the phase diagrams of the mixtures show an almost ideal behavior, 

since the experimental points are concordant with the ideal solubility curve of each system. 

Thus, these mixtures do not have a ‘deep’ eutectic solvent character. Here, one would like 

to resay that not all eutectic mixtures are deep eutectic systems, and this aspect must be 

always present and not misunderstood by the scientific community. In this specific work the 

fact that the solvents are deep or not is not relevant; the most important thing is to determine 

the best mixtures to extract metal ions. 

Viscosities of several mixtures were also evaluated. Figure 3.1 shows the effect of 

temperature in the viscosity of TOPO:Asp, Cou:Thy, HydAc:Thy, HydAc:Eu, 

DES 
Stoichiometry 

Compound 1 Compound 2 Abrev. 

Caffeine Thymol Caff:Thy 
1:3 

Aspirin Eugenol Asp:Eu 

Coumarin Thymol Cou:Thy 

1:1 

Eugenol 

Thymol Eu:Thy 

Capric Acid Eu:CapAc 

Coumarin Eu:Cou 

Hydrocinnamic Acid 

Thymol HydAc:Thy 

Capric Acid HydAc:CapAc 

Eugenol HydAc:Ey 

TOPO 

Thymol TOPO:Thy 

Capric Acid TOPO:CapAc 

Eugenol TOPO:Eu 

Aspirin TOPO:Asp 

Hydrocinnamic Acid TOPO:HydAc 
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HydAc:CapAc, Eu:Cou, Eu:Thy, and Eu:CapAc. The data collected for the TOPO:Asp 

mixture is represented at the second yy (right side) axis. The exponential behaviour of the 

dynamic viscosity is similar to all the systems, it exponentially decreases with increasing 

temperature. In literature, ionic ES exhibit a relatively high viscosities at room temperature 

(> 100 cP) [47]. Here, except for the system TOPO:Asp which presents a viscosity of 150 

cP at 298 K, all other eutectic mixtures exhibit significantly lower viscosities (< 25 cP), 

further highlighting the advantage of non-ionic ES. The systems Eu:CapAc and Eu:Cou 

started to crystallise at 298 K, and thus viscosities were started at a higher temperature, 

308 K. These same systems presented to be not stable, having large crystallization kinetics.  

Following the screening of potential eutectic mixtures, these were further evaluated for 

(i) their stability after contacting with two acidic aqueous solutions (pH of 1 and 0) and (ii) 

their metal extraction capabilities at two different HCl concentrations (0.1 and 1 M).  

Visual information to help a better understanding regarding the pH stability of assessed 

systems is present in Figure B.2 of Appendix B. The majority of the mixtures appeared to be 

stable at both pHs; however, in the case of Asp:Eu and TOPO:Eu, these systems turned to a 

reddish color, assigned to the degradation of the compounds. 

Preliminary metal extraction studies were performed using a mixed metal solution of 

Fe(III), Cu(II), Zn(II), Ni(II) and Li(I) chloride salts at 0.1 and 1.0 M of HCl. Results were 

analysed using ICP-OES at the University of Nice Sophia Antipolis. The extraction 

efficiency results are presented in Table 3.2. For the lower concentration of HCl, only the 

Figure 3.1 – Experimental values of viscosity: Temperature range of (298-353) K and at atmospheric 

pressure. (⬜) TOPO:Asp (represented at the second yy axis); (〇) Cou:Thy; (△) HydAc:Thy; (◇) HydAc:Eu; 

(▲) HydAc:CapAc; (⚫) Eu.Cou; (⬛) Eu:Thy; (◆) Eu:CapAc.  
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results of HydAc:Thy, TOPO:Eu, and TOPO:Asp systems are satisfactory. For the first 

system HydAc:Thy it was detected a good extraction only of iron ions, demonstrating that 

this system is selective. TOPO:Asp and TOPO:Eu showed to be a good metal extraction, 

with extraction efficiencies higher than 90 %, however these mixtures are unselective, no 

metal differentiation was observed, all metals were extracted. No extraction was observed in 

any of the other systems trialed. At higher concentrations of HCl, the evaluated systems 

presented in general significantly lower extraction efficiencies. The mixture TOPO:Eu was 

not included in this test, since at lower pH this system was not stable. The mixture 

TOPO:Asp became more selective, extracting only zinc and iron ions. 

Table 3.2 – Extraction efficiencies of the studied mixtures for several metals at two HCl concentrations (0.1 

and 1 M). 

 % EE 

Mixtures 

Metals 

Li Zn Co Fe Ni 

0.1 M 1 M 0.1 M 1 M 0.1 M 1 M 0.1 M 1 M 0.1 M 1 M 

Eu:Thy < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 

Eu:Cou < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 

Eu:CapAc < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 

Cou:Thy < 1 < 1 2 < 1 < 1 < 1 < 1 < 1 < 1 < 1 

HydAc:Thy < 1 < 1 < 1 < 1 < 1 < 1 34 < 1 < 1 < 1 

HydAc:Eu < 1 < 1 < 1 < 1 < 1 < 1 1 < 1 1 < 1 

TOPO:Eu > 90 – > 90 – > 90 – > 90 – > 90 – 

TOPO:Asp > 90 < 1 > 90 60 > 90 < 1 > 90 56 > 90 < 1 

3.2 Characterization of selected Systems  

The selected systems TOPO:Thy, TOPO:CapAc and HydAc:CapAc, were chosen based 

on their advantageous thermodynamic properties, such as the low to negligible water 

solubilities, low toxicities and affordable costs of the pure components. These are 

summarized in Table 3.3 together with the melting properties necessary to apply the SLE 

equation. Additionally, the choice of the above mentioned mixtures obviously took into 

account the well-known metal extraction capabilities of carboxylic acids and TOPO for a 

wide range of metal ions [48, 49]. Furthermore, the choice of these three systems allows the 

evaluation of the importance of each metal complexing constituent. TOPO:Thy HES solely 

contains TOPO as extractant, HydAc:CacAc HES containing only carboxylic acids and 



 

29 

TOPO:CapAc HES is a mixture of both. It is important to note that the TOPO:Thy system is 

structurally like the previously reported TOPO:Phenol system [30] but presents lower 

toxicity and aqueous solubility; the solubility of pure phenol in water (82 g L-1) being almost 

100 times greater than that of thymol [30]. 

Table 3.3 – Relevant properties of the pure components used in the studied HES. 

Compound Tm(K) ∆Hm (kJ mol-1) 
Aqueous solubility 

(g L-1) 

LD50 (oral, rat) 

(mg kg-1) [50] 

Price ($ kg-1) 

[51] 

Thymol 323.5 [43] 19.65 [43] 0.9 [52] 980 10-30 

TOPO 325.87 58.02 0.0015 [53] >2000 10-60 

CapAc 304.75 [43] 27.5 [43] 0.0618 [52] >10000 8-15 

HydAc 321.75 [54] 16.3 [54] 5.9 [52] NA 5-30 

One of the main features of ES is their possibility to be used as an extracting solvent for 

a wide range of different chemical solutes [47]. The applicability of these solvents in 

extraction procedures depends on their physical properties, such as viscosity, density, 

miscibility, and polarity. It is convenient to select solvents presenting low viscosities to 

facilitate mixing but characterized by sufficiently large density difference with the more 

polar phase, to facilitate the phases separation. Also, these solvents may be immiscible in 

water which facilitates the phase separation, such as the solvents used during this 

experimental work. Moreover, the solid liquid equilibria phase diagrams allow the selection 

of the best ratio of components at a given temperature, to operate a certain process. In the 

next sections, the SLE phase diagrams and the physico-chemical properties of the selected 

mixtures will be presented and discussed. 

3.2.1 SLE Phase Diagrams Study 

During the screening, the study of the systems was performed for the specific molar 

ratios of 1:1, 1:3 or 3:1. Here, the full SLE phase diagrams of TOPO:Thy, TOPO:CapAc and 

HydAc:CapAc were measured and are presented in Figure 3.2 along with the ideal solubility 

curves calculated using equation (2.3). Measurements were performed using the melting 

point-device and DSC for the solid and liquid mixtures, respectively,  

All three hydrophobic mixtures exhibit a phase behavior characterized by a single 

eutectic point and possess an extended liquidus compositional range capable of incorporating 

a significant molar fraction of TOPO extractant in the case of the TOPO:Thy and 
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TOPO:CapAc HES. The system HydAc:CapAc has an operational range at room 

temperature between 0.22 and 0.63 molar fraction of hydrocinnamic acid.  

The SLE phase diagram of the HydAc:CapAc mixture presents a quasi-ideal behavior 

as previously reported for other carboxylic mixtures [55], indicating that the interactions in 

the HES mixture are energetically comparable to that of its pure components. This is in line 

with the tendency of carboxylic acids to form dimers through the carboxylic group [54]. In 

contrast, the TOPO:Thy and TOPO+CapAc systems (Figure 3.2 panels A and B) present 

significant deviations from ideality on both sides of the phase diagram, indicating stronger 

interactions when compared to the pure compounds. The ideal lines of the mixtures 

TOPO:Thy and TOPO:CapAc do not cross the dotted line indicating T =298 K, so there is 

no operational range below the room temperature based on the ideal behavior. 

Figure 3.2 – Solid liquid phase diagrams of the binary systems composed of (A) TOPO:Thy; (B) 

TOPO:CapAc and (C) HydAc:CapAc. Legend: (……) T = 298 K; (----) Ideality curve; (----) COSMO-RS 

prediction; (◆) Experimental data from this work; (×) TOPO:Phenol [30]; (×) TOPO:LauAc [56]. 
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For comparative purposes, in Figure 3.2 the diagrams of TOPO:Phenol [30] (panel A) 

and TOPO:LauAc [56] (panel B) are also presented. In both cases, similar negative 

deviations from ideality can be observed. Despite of the lack of melting temperatures in the 

range of mole fraction of 0.16 to 0.57 of TOPO:Phenol, this system have a similar behavior 

to TOPO:Thy mixture. In the case of TOPO:LauAc, results are once more similar to 

TOPO:CapAc mixture, what was expected due to the similarity between the fatty acids used.  

Taken into account the different requirements proposed by Martins et al. [22], 

TOPO:Thy and TOPO:CapAc (as well as TOPO:Phenol and TOPO:LauAc) can be designed 

as Deep Eutectic Systems. Such large deviations from ideality for non-ionic HES were 

previously rationalised based on the significant difference in Lewis acidity between the HBD 

and HBA resulting in favourable hydrogen-bonding interactions [23]. Phenolic compounds 

including thymol were identified as inducers of HES due to the greater acidity of the 

hydroxyl proton conferred by resonance effects across the aromatic ring. Comparison of the 

TOPO + thymol and TOPO + phenol [30] phase diagrams presented in Figure 3.2 A shows 

an almost complete overlap of both, appearing to confirm the important role of phenolic 

compounds in the formation of HES. Conversely to the acidity of the phenolic hydroxyl 

moiety, the phosphine oxide bond of TOPO is highly Lewis basic, even capable of forming 

liquid coordination complexes with Lewis acidic metal chlorides [57] and HES with 

carboxylic acids (Figure 3.2B), sulfoxides, diols and thiourea-based compounds [56]. The 

ability of both thymol and TOPO as HES inducers is further highlighted by the possible 

number of HES mixtures obtained with either component during the screening phase (Table 

3.1) and also from other studies from literature [58].  

3.2.2 Spectroscopic characterization 

To study the structural chemical stability of the investigated mixtures, several NMR 

(1H, 13C and 31P) and FTIR-ATR experiments of pure components and their mixtures were 

performed. All studies in mixtures were made at equimolar compositions (1:1) and here, only 

results of 1H NMR spectra for the mixture TOPO:Thy are presented, since the preparation 

and analysis were similar for the other systems. The FTIR-ATR and remaining NMR spectra 

are presented in Appendix C. 

 

 



 

32 

NMR Analysis 

The obtained 1H spectra for mixtures and respective pure compounds are presented in 

Figure 3.3. In Figure 3.4 the 1H NMR spectrums of the same mixture after the contact with 

1 M HCl are presented. The 13C NMR spectra for TOPO and Thy individual compounds and 

resulting mixture are presented in Figure C.1, while 1H and 13C NMR spectra for 

TOPO:CapAc mixture are presented in Figures C.2, C.3 and, for HydAc:CapAc are 

presented in Figures C.4 and C.5 (Appendix C).  

The absence of new peaks in the spectra of the HES relative to the spectra of the pure 

compounds confirm that no reaction between the mixture components occurred during 

formulation. Interestingly, a noticeable upshift it the peak associated with the phenolic 

hydrogen of pure thymol is observed in the mixture. This shift is due to high Lewis acidity 

of the phosphine oxide. Interaction between TOPO:Thy through the R-OH --- O=P-R bond 

increases the acidity of the hydroxyl proton by delocalization of the electron density across 

the hydrogen bond. 

Considerable differences are possible to observed between the two spectrums of 

TOPO:Thy organic phases before and after the contact with 1 M HCl – Figure 3.4. This can 

be explained due to influence of HCl in the system, in which several peaks are suppressed 

and/or undergo a displacement. Also, analyzing the aqueous phase after the HCl contact it is 

possible to observe in a high amplified spectrum that no new peaks corresponding to 

degradation by-products have appeared. A different chemical environment influences the 

Figure 3.3 – 1H RMN spectra of TOPO, thymol and TOPO:Thy (1:1) at T = 328 K. 
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position of the peaks, but the most important fact is that no peaks associated with the eutectic 

could be observed in the aqueous phase confirming the high hydrophobicity of the eutectics. 

Thus, it is possible to conclude that HCl can affect significantly the arrangement of the 

structure of TOPO:Thy mixture.  

The water contents of the pure compounds and their mixtures, before and after the 

contact with water or HCl 1.0 M solution, were measured and are described in Table 3.4. the 

water content highly increases after contact with water or the HCl solution. In some cases, it 

increase one order of magnitude when comparing with the initial value. Also, while thymol 

and capric are almost water-free, HydAc and TOPO have a significant amount of water. This 

has repercussions in the corresponding mixtures, namely HydAc:CapAc. 

Table 3.4 – Water contents of pure compounds and their mixtures before and after the contact with water or 

1.0 M HCl. 

 Water content (ppm) 

 - w/HCl w/H2O 

Thymol 11   

Capric Acid 5   

Hydrocinnamic 

Acid 
2,335   

TOPO 1,500   

TOPO:Thy 1,622 10,642 9,765 

TOPO:CapAc 1,308 13,675 13,067 

HydAc:CapAc 3,037 20,846 27,685 

 

 

Figure 3.4 – 1H NMR spectra of TOPO:Thy mixture (1:1) before and after the contact with an aqueous 

solution of 1 M HCl at T = 298 K. 
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FTIR Analysis 

FTIR measurements were performed to investigate the chemical stability of the structure 

and characterize the most abundant bonds existent in each mixture. The obtained FTIR 

results of the initial TOPO:Thy mixture and respective pure compounds are presented in 

Figure C.6. Also the FTIR results from TOPO:CapAc and HydAc:CapAc mixtures and 

respective pure compounds are presented in the same Appendix. To have a better 

comprehension of the chemical bonds of TOPO:Thy, the most abundant ones and their 

respective assignment are summarized in Table C.1. From the analysis of Figure C.6 is 

possible to verify a shift in the region between 1146 and 1138 cm-1 associated to the P=O 

bond from TOPO. Also, it is possible to observe some shift in the band associated to the pure 

components to that in the eutectic mixture, suggesting that several interactions occurs. By 

the FTIR results, it is possible to conclude that the mixture spectrum is cumulative in relation 

to the spectra of the pure compounds and that no additional reactions occur. 

3.2.3 Physical and Chemical Properties 

The results of the densities and viscosities of TOPO:Thy, TOPO:CapAc and 

HydAc:CapAc at equimolar composition (1:1) are represented in Figure 3.5 and Figure 3.6, 

respectively. Also, in both figures there are represented the values of the pure compounds 

reported in the literature [59–62]. HydAc was the only pure compound that the values of 

density and viscosity were not found. With an increase in temperature both properties 

decrease, density linearly and viscosity exponentially. Mixtures TOPO:Thy and 

TOPO:CapAc present similar densities, while HydAc:CapAc has the highest values in the 

temperature range studied meaning that TOPO has a tendency to decrease the density of the 

mixture. At 298 K, all the studied mixtures presents values below the density of water, 0.997 

g cm-3 [63], however, only mixtures involving TOPO have values significantly different, 

facilitating phase separation. Analyzing the values of the pure compounds, it is possible to 

say that Thy presents the highest values of density and when it is in contact with TOPO the 

resulting density decreases significantly, since the density of pure TOPO is much lower. The 

results of TOPO:Thy and TOPO:CapAc are concordant since the mixtures results are 

between the values of each pure component. In the case of pure HydAc, it is expected to 

have density values above the values of HydAc:CapAc. 
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Regarding viscosity, the mixture TOPO:Thy presents the most significant variation with 

the temperature increase, [4 to 170] mPa s in the temperature range studied, while the values 

of the mixture HydAc:CapAc do not significantly change. All mixtures present quite low 

viscosity values at room temperature, lower than ionic eutectics or ionic liquids [29], 

facilitating mixing and potential industrial applications. 

3.3 Metal Extraction in Eutectic Solvents 

Following the mixtures characterization, their extraction potential is here investigated 

based on the extraction of 0.01 M CuCl2 for a variety of extraction parameters. 

Figure 3.5 – Density of the pure compounds and binary systems at different temperatures. Legend: (+) TOPO 

[61]; (˗) Thy [59]; (×) CapAc [60]; (▲) TOPO:Thy; (◆) TOPO:CapAc; (⚫) HydAc:CapAc. 

Figure 3.6 – Viscosity of the pure compounds and binary systems at different temperatures. Legend: (+) 

TOPO [61]; (˗) Thy [59]; (×) CapAc [58]; (▲) TOPO:Thy; (◆) TOPO:CapAc; (⚫) HydAc:CapAc.  
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3.3.1 Effect of pH 

The pH is one of the most important parameters to characterize and evaluate the 

extraction efficiency. It affects the acidity in the solutions, which in this work, can affect the 

metal extraction efficiency.  

The effect of the pH on the extraction efficiency of TOPO:Thy, TOPO:CapAc, and 

HydAc:CapAc, was evaluated at pH 0, 1, 3, and 4.8 and the results are presented in Figure 

3.7. Analyzing all the different pHs evaluated, the system HydAc:CapAc is the one to present 

the higher values of % EE, which suggest that from all three studied mixtures, this one could 

be the better one to extract copper ions, despite the relatively low values of efficiency. This 

mixture is composed by two carboxylic acid, what seems to improve the bonding between 

the metal ion and the organic phase. A gradual decreasing of efficiency is seen for the 

mixture HydAc:CapAc while the concentration of HCl on the system increases. Such 

decrease is consistent with the pH dependent extraction behavior of acidic extractants, which 

relies on its deprotonation constant (pKa). Therefore, the best condition to extract copper 

ions is to use them when no hydrochloric acid is added. 

3.3.2 Effect of different molar ratios 

Since this work focuses on metal extraction, it’s important to do a study where is 

evaluated the performance of the mixture on extraction, at different concentrations. Only the 

system TOPO:CapAc was subject to this study, where different points of the phase diagram 

were used to extract copper ions present in the aqueous solution of 0.01 M of CuCl2. In this 

study the pH of the aqueous mixture was not controlled, and the value of the pH was 4.78. 

Figure 3.7 – Extraction efficiency of the binary systems at different pHs. Legend: (▥) TOPO:Thy;  (▤) 

TOPO:CapAc; (▧) HydAc:CapAc. Standard deviations are too low, they were rounded to 0. 
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The volume ratio used between the organic and the aqueous phases was (1:2). The results of 

extraction efficiency are presented in Figure 3.8. 

Analyzing Figure 3.8 many aspects can be taken into account. Firstly, the values of 

extraction efficiency were surprisingly low. Secondly, as we increase the molar ratio of 

TOPO in the mixture lower is the extraction efficiency, which suggest that capric has a 

higher efficiency on extraction copper ions than TOPO under the studied conditions. 

3.3.3 Effect of different Sodium Salts  

The effect of different sodium salts in the copper aqueous solutions (and in the 

extraction efficiency) was studied. For that purpose, aqueous solutions containing sodium 

chloride, sodium perchlorate and sodium acetate, without pH control, were used. The 

aqueous solution containing copper chloride and sodium acetate became cloudy after mixing 

and the copper started to precipitate. To avoid the precipitation, a new solution using copper 

acetate was used with sodium acetate.  

For all the solutions, the copper concentration was fixed at 0.01 M and the molar ratio 

between the copper ion and the anion was 1:50, except in the case of copper acetate where 

the molar ratio used was 1:2. Figure 3.9 shows the % EE results of this study. The efficiency 

increases significantly when the most abundant anion is perchlorate. The system 

TOPO:CapAc presents the highest value of  extraction efficiency, 72 %, while the other 

systems do not have efficiencies higher than 25 %. For the solution of copper acetate, it is 

possible to observe that TOPO:Thy presents the lowest value of % EE, while the other 

systems have extraction efficiencies around 90 %. 

Figure 3.8 – Extraction efficiency of the binary system (▤) TOPO:CapAc at different molar ratios. 
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Figure 3.10 shows the UV-VIS spectra for perchlorate and acetate anions in the organic 

phases of TOPO + Capric Acid. The data collected for the perchlorate anion is represented 

at the second yy axis. A displacement of the peak of copper in each solution is clearly 

observed, despite the differences in the concentrations of each anion. The presence of the 

acetate anion in the mixture displaces the copper absorbance peak from the usual 800 nm 

characteristic of the octahedral [Cu(H2O)]2+ species to 740 nm indicative of a hydrated 

copper carboxylate complex. The explanation for this situation is on the different mechanism 

of extraction of copper. 

The displacement of the peak is associated with the mechanism of metal complexation, 

instead of the acetate anion extracts copper ions by ion-pair, it forms a metal complex. An 

Figure 3.10 – UV-VIS spectra of the organic phase of the binary system TOPO:CapAc with the presence of  

different anions. Legend: (⚫) Perchlorate anion (represented at the second yy axis); (⚫) Acetate anion. 

Figure 3.9 – Extraction efficiency for the binary systems with different anion concentrations. Legend: 

(▥) TOPO:Thy; (▤) TOPO:CapAc; (▧) HydAc:CapAc. 
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example of the possible complexation reaction is presented by Equation 3.1. A similar 

complexation was also observed for copper extraction in terpene + carboxylic acid eutectics 

[33]. 

 𝐶𝑢2+ + 2 (𝑅 − 𝐶𝑂𝑂−)2 ↔ [𝐶𝑢 ∙ (𝑅 − 𝐶𝑂𝑂)2] (3.1) 

Contrary to carboxylic acid ligands, TOPO is a solvating type extractant, with the 

extraction dependence on the metal complexes present in the aqueous phase. The metal 

speciation varies with the concentration of counter-ions present and the remaining 

coordination site occupied by water molecules. Metal complexes of greater hydrophilicity, 

namely positively charged metal complexes whose first coordination sphere is primarily 

hydrated, typically do not partition to the organic phase [64]. As water molecules are 

gradually substituted by counter-anions and/or extractant molecules resulting in more 

lipophilic complexes of lower charge densities, extraction proceeds according to Equations 

3.2 and 3.3 depending on the charge of the complex to preserve electroneutrality [64].  

The greater hydrophobicity of the perchlorate anion compared to chloride favours ion-

pair formation of neutral complexes which can more easily partition to the eutectic phase as 

evidenced in Figure 3.9. UV-vis analysis of the system TOPO:CapAc, presented in Figure 

3.10, shows clearly evidences of the different extraction mechanism of copper extraction. In 

the case of copper acetate, the responsible mechanism for the metal extraction is the metal 

complexes formation, shifting copper absorbance peak, while in the case of copper 

perchloride the ion-pair mechanism is responsible for the metal extraction. An example of 

the copper extraction by ion-pair is represented in Equation 3.4. 

3.3.4 Effect of different Metal Ion concentrations  

This study was made to understand the performance of each system with different 

concentrations of copper chloride solutions. In addition to the existent solution of 0.01 M of 

copper, two new solutions were prepared with 0.005 M and 0.015 M, respectively. The 

results of extraction efficiency are represented in Figure 3.11. 

 𝑀n,aq
+ + 𝑛𝑋aq

− +  𝑚𝑇𝑂𝑃𝑂𝑜𝑟𝑔 ↔  𝑀𝑋n𝑇𝑂𝑃𝑂m,org (3.2) 

 𝑀n,aq
+ + (𝑛 + 𝑥)𝑋aq

− + 𝑥𝐻aq
+ +  𝑥𝑇𝑂𝑃𝑂org ↔  𝑀𝑋(n+x)𝐻x𝑇𝑂𝑃𝑂x,org (3.3) 

 𝐶𝑢2+ + 2 𝐶𝑙𝑂4
− + 𝑛𝑇𝑂𝑃𝑂 ↔ 𝐶𝑢(𝐶𝑙𝑂4)2(𝑇𝑂𝑃𝑂)𝑛 (3.4) 



 

40 

Comparing the three different concentrations, it is possible to observe a decreased 

efficiency with the increase of the concentration of copper in the aqueous solution. This can 

be explained by the saturation of each system with copper. At low concentrations of the 

metal ion, all mixtures show to be somehow efficient, despite the low values. The system 

HydAc:CapAc shows to be the best mixture of all three for the copper extraction. 

From all the systems analyzed, TOPO:Thy presents in all cases the lower results of 

extraction efficiency, which could indicate that capric acid, under these conditions, is 

responsible for the extraction and not TOPO. Overall, copper extraction was found to 

strongly vary between systems based on the nature of the extractant (carboxylic acid vs 

phosphine oxide) and could be adjusted and tuned by pH variation, counter salt addition and 

variation of the eutectic solvent’s molar composition. To amplify the characterization on 

metal extraction of these mixtures, several other metal ions were included in a further study, 

described in the following subchapter. 

3.3.5 Effect of different Metal Salts on the extraction system  

To fully understand the potential of the ES, after the full characterization of the 

extraction of copper, the next step was to investigate the extraction of different metals. For 

this study the chloride salts cobalt(II), nickel(II), chromium(III), palladium(II) and 

platinum(IV) as well as potassium chromate(VI) were used, at concentrations of 0.01 M, 

except for platinum which was at 0.005 M. Photos of the equilibrium between the two 

Figure 3.11 – Extraction efficiency of the binary systems at different copper concentration. Legend: 

(▥) TOPO:Thy; (▤) TOPO:CapAc; (▧) HydAc:CapAc. 
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different phases, 0.4 mL of the organic phase with 0.8 mL of each aqueous phase, are 

presented in Figure 3.12. 

By the analysis of the Figure 3.12 it can be seen that all the systems kept the volume 

ratio, i.e., after the extraction no volume change was observed. In the studies with cobalt, 

nickel, chromium no color migration from the aqueous to the organic phase was observed 

meaning no extraction. For the chromate anion, it is possible to observe that no extraction 

occurs, since the yellow color do not migrate to the organic phase. In the case of iron, after 

contact with the ES it is possible to observe a small precipitation in the bottom and a gradual 

positive extraction of the metal ion from TOPO:Thy to HydAc:CapAc, according with the 

color intensity exhibited by the organic phase.  

Regarding palladium, a similar extraction with TOPO:Thy and TOPO:CapAc is 

observed, but when mixed with HydAc:CapAc, this metal is not extracted at all; the yellow 

color remains in the bottom phase, corresponding to the aqueous solution. The behavior 

observed for platinum is similar, however here it is possible to note a gradual decrease of the 

color from TOPO:Thy to TOPO:CapAc.  

Both PGM ions are efficiently extracted due to their presence as either neutral or anionic 

chlorometalate complexes even in very dilute chloride solutions [65]. This in turns facilitates 

their extraction in TOPO-based eutectic due to the formation of lipophilic complexes of low 

charge density. In contrast, all other transition metal ions are present as cationic species, 

confirming that effective separations in the TOPO eutectics can be attained by comparing 

the metal-chloride complexation constants for two different metals. The greater extraction 

of Fe3+ and Cu2+ in the studied carboxylate-based eutectic mixtures is assigned to the 

Figure 3.12 – Snapshots of the extraction of  A – cobalt; B – nickel; C – iron; D – chromium; E – palladium; 

F – platinum; G – chromate by TOPO:Thy, TOPO:CapAc, and HydAc:CapAc (left to right). Top phase = 

organic phase and bottom phase = aqueous solution. 
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increased stability of the dimeric copper and trimeric iron carboxylate complexes in which 

the carboxylate groups act as bridging ligands [48, 66, 67]. Despite Pd2+ being efficiently 

extracted by carboxylate ligand from sulphuric or nitric media [48], the absence of PGM 

extraction in the TOPO:CapAc and HydAc:CapAc systems is assigned to the unfavorable 

electrostatic interactions between the anionic platinate and palladate chloro-complexes and 

the carboxylate ligands. 

To understand better and quantitatively how much metal was extracted, the aqueous 

phases of each system were analyzed in the UV microplates. The values of the distribution 

ratio for each metal is presented in Tables 3.5. Inherent to distribution ratio presented in 

Table 3.5 is important to understand the separation factor of the same metal salts used. The 

results are presented in Table 3.6. By the analysis of Table 3.5 it is possible to conclude that 

TOPO:Thy and TOPO:CapAc present good results, with % EE around 70 % and 52 % for 

palladium and, 89 % for platinum, for both systems. Also, these results demonstrate that the 

organic mixtures in study have different extraction behavior depending on the metal ion. 

This behavior could represent an important breakthrough about selective metal extraction 

and recovery of the most value metals from a solution containing several metal ions. By the 

interpretation of Table 3.6 it is possible to observe high separation factors with palladium 

and platinum using TOPO:Thy and TOPO:CapAc as solvents and iron using HydAc:CapAc. 

These results represents evidences of selective extractions of the different eutectic systems 

for the different metal ions evaluated. 

Table 3.5 – Distribution ratio of all different metals’ extraction assessed by TOPO:Thy, TOPO:CapAc and 

HydAc:CapAc. 

Metal ion 
Distribution ratio, DM 

TOPO:Thy TOPO:CapAc HydAc:CapAc 

Copper (II) 0.02 0.14 0.30 

Cobalt (II) < 0.01 0.03 0.13 

Nickel (II) < 0.01 < 0.01 < 0.01 

Iron (III) 0.08 1.17 26.68 

Chromium (III) 0.09 0.16 - 

Palladium (II) 4.64 2.13 0.01 

Platinum (IV) 16.62 16.92 0.04 

…… 
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Table 3.6 – Separation factors of palladium and platinum assessed by TOPO:Thy and TOPO:CapAc and of 

iron for HydAc:CapAc mixture. 

Metal ion 

Separation factor, αx/y 

Palladium (II) Platinum (IV)  Iron (III) 

TOPO:Thy TOPO:CapAc TOPO:Thy TOPO:CapAc  HydAc:CapAc 

Copper (II) 191.3 14.8 685.0 117.8  90.4 

Cobalt (II) > 464.0 74.8 > 1661.9 594.2  211.5 

Nickel (II) > 464.0 > 212.8 > 1621.9 > 1691.6  > 2668.4 

Iron (III) 56.1 1.8 200.9 14.4  1.0 

Chromium 

(III) 
52.1 13.3 186.8 105.6  – 

Palladium 

(II) 
1.0 1.0 3.6 3.6  3147.7 

Platinum 

(IV) 
0.3 0.1 1.0 1.0  698.6 

3.3.6 Palladium Stripping Study 

Taking into account the metal prices presented in Table 1.2 and the results obtained for 

the distribution ratios and separation factors (Tables 3.5 and 3.6, respectively) it is possible 

to conclude that palladium is the most interesting critical metal that can be selectively 

extracted and recovered from e-waste, using the studied HESs. 

Thus, the next step is to verify the viability of the back extraction of palladium. For that, 

mixtures of ES TOPO:Thy or TOPO:CapAc and palladium were stripped with water (1) and 

aqueous solutions containing 0.1 M of thiourea in 0.5 M of HCl (2) and sodium acetate 0.1 M 

(3). The visual results are represented in Figure 3.13. 

In both systems studied the results are similar, water presents the lowest stripping ability 

while thiourea corresponds to have higher values, once palladium seems to be completely 

stripped from the organic phase. The stripping with sodium acetate showed to be partially 

effective, since visually the color of the organic phase corresponds to a midterm in relation 

Figure 3.13 – Snapshots of the binary systems A: TOPO:Thy and B: TOPO:CapAc stripping using different 

aqueous solutions. Legend: (1 and 1’) Water; (2 and 2’) Thiourea; (3 and 3’) Sodium acetate. 

A B 
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with water and thiourea cases. However, the sodium acetate solution containing palladium 

overtime starts to precipitate in the aqueous phase, and for that reason the quantitative 

measurement of % EE was not presented. The quantitative results of the stripping efficiency 

are presented at Figure 3.14. In this test only one sample of the organic phase was analyzed 

and consequently, it was not possible to determine the standard deviation of the 

measurements. 

From the stripping results it is possible to affirm that the system TOPO:Thy reacts better 

to the two stripping solvents evaluated and, for both mixtures, the solution of thiourea 

presented concordant stripping values. 

Spectroscopic characterization 

The obtained 1H-NMR and FTIR results for TOPO:Thy before and after the metal 

extraction, and after the stripping are presented in Figure 3.15 and in Figure D.1, 

respectively. By the analysis of the Figure 3.15 it can be seen that the mixture TOPO:Thy 

do not present evident changes in the chemical interactions, with the exception of a slight 

difference in the region of 1.5 ppm after the extraction and after the stripping. This change 

can be associated with different chemical environments as can be seen by the displacement 

of the peaks in the 31P NMR spectra, Figure D.2 (Appendix D). Analyzing Figure D.1, the 

evident aspect to be taken into account is that TOPO:Thy presents a similar structure in all 

the three different conditions studied since all the spectra report similar values of the most 

Figure 3.14 – Stripping efficiency of the binary systems using different aqueous solutions: water and 0.1 M 

of thiourea in 0.5 M of HCl. Legend: (▥) TOPO:Thy; (▤) TOPO:CapAc. 
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abundant bonds in the mixture and that is possible to affirm that are no new peaks arising 

and the chemical structure is stable. 

3.3.7 Study of efficiency of TOPO:Thymol mixture at several extraction cycles 

The final step in this work was to study the viability of the organic mixture of 

TOPO:Thy on palladium extraction, i.e., the use of this mixture in several cycles of 

extraction and stripping of palladium. For that purpose, two cycles of extraction were made 

where the mixture TOPO:Thy was in contact with an aqueous solution rich in copper and 

palladium, with a molar ratio of 1:300. The visual results from the first and second cycle are 

presented in Figure 3.16. 

Figure 3.15 – Experimental 1H NMR spectrums of TOPO:Thy mixture before and after the extraction and 

after the stripping step. 
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After the conclusion of the first cycle it is possible to observe a selective extraction of 

palladium from the aqueous solution containing copper (B) what is in agreement with the 

extraction results obtained before. Moreover, by visual analysis, the stripping seems also 

successful (D), with only small fraction of solid deposited near the walls. 

In the second cycle, the remaining organic phase was contacted with a small volume of 

the initial aqueous solution rich in copper and palladium. The experimental procedure was 

repeated and the visual results from the second extraction and stripping are also presented in 

Figure 3.16. 

Comparing the visual results from the first and second extraction is possible to say that,  

the first extraction was better, once the final color of the aqueous phase is bluer, and that 

could mean that TOPO:Thy saturated faster in the second case and could not extract the same 

quantity of palladium as it did in the first extraction. Relatively to the stripping results, in 

both cases the thiourea solution seems to work extremely well. All the samples were further 

analyzed via UV-VIS spectrometry to determine and quantify the distribution factor and 

extraction efficiency, Table 3.7 and Figure 3.17, respectively. 

As it is possible to observe, the results from the second cycle are similar to the first 

cycle, however by visual analysis it is possible to detect a different color of the aqueous 

solution after the extraction of palladium. It is noticeable that the remained solution is more 

greenish then the same solution after on the first cycle, indicating that palladium was not 

Figure 3.16 – Snapshots of the binary system TOPO:Thy of the first cycle (top) and second cycle (bottom): 

(A) right after the mixture of TOPO:Thy with the aqueous solution of 1:300 (Pd:Cu) molar ratio; (B) after 

mixing and centrifugation; (C) before the stripping of palladium with a solution 0.1 M of thiourea in 0.5 M 

of HCl; (D) after the stripping; (E) after mixing and centrifugation; (F) after the stripping. 

A B C D 

E F 
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extracted as much as before, and, consequently, a lower extraction efficiency is expected for 

the second cycle. 

The extraction cycles presented results of extraction efficiency of 70 % and 54 % for 

the first and second cycle, respectively. For the stripping, both cycles presented good results 

of recovery of TOPO:Thy, stripping nearly 67 % and 72 % of the palladium in the first and 

second cycle, respectively. The obtained extraction efficiencies are concordant with the 

visual results, once the mixture TOPO:Thy loses some of the extraction character in the 

second extraction. This may be due to the incomplete stripping of palladium with thiourea. 

Since there is palladium in the organic phase, in the second extraction moment, the extraction 

efficiency is lower. The extraction of copper was also quantitatively evaluated. However it 

was not observed any copper into the organic phase, concluding that the copper extraction 

was null. Thus, the mixture TOPO:Thy was able to separate palladium from a rich copper 

solution showing it extractive and selective character.  

 

Table 3.7 – Distribution ratio of palladium extraction by TOPO:Thy in the two cycles assessed. 

  

Metal ion 
Distribution ratio, DM 

Extraction 1 Stripping 1 Extraction 2 Stripping 2 

Palladium (II) 4.64 4.56 2.93 7.27 

Figure 3.17 – Extraction and stripping efficiencies of the binary system TOPO:Thy of the two extraction and 

stripping cycles. 
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4 Conclusions and Future Work 

This work contributed to the development of greener hydrometallurgical processes 

through the study of new hydrophobic eutectic systems for metal extraction. An initial 

screening was performed to select the best liquid mixtures at room conditions. The screening 

consisted of the study of several mixtures, their phase diagrams, densities, viscosities and 

metal extraction capacity. From an initial list composed by fifteen chemical compounds, 

from a total of 127 combinations assessed, three potential systems were selected: TOPO + 

thymol, TOPO + capric acid and hydrocinnamic acid + capric acid. These were further 

evaluated by measuring their SLE phase diagrams and physico-chemical properties. From 

the SLE phase diagrams it was possible to observe large negative deviations from the ideality 

for TOPO:Thy and TOPO:CapAc mixtures, while HydAc:CapAc presents an ideal behavior. 

These HES present low viscosities and high hydrophobicity suitable for solvent extraction 

processes, capable of simultaneously acting as the hydrophobic phase and extractant. NMR 

and FTIR of the resulting mixture confirm that these HES are simple mixtures with no new 

observable peaks beyond those of the original components. Also, the stability and loss of the 

TOPO:Thy HES component to the aqueous phase was assessed by NMR spectroscopy after 

saturating with deionized water and a 1 M HCl solution respectively. The resultant spectra 

showed some differences due to the acidity related to the presence of HCl in the aqueous 

phase. 

To understand the real potential of these systems as metal extractants, a fundamental 

study on metal extraction was performed. Using a solution of copper, five different 

parameters were evaluated: pH, ES molar ratios, addition of sodium salts and metal ion 

concentration. Under the tested conditions of Cu(II) extraction it is possible to observe that 

TOPO:Thy do not extract copper, the opposite behavior of HydAc:CapAc while 

TOPO:CapAc presents % EE between the previous two systems described. It is possible to 

conclude that Cu(II) extraction is directly related to the amount of carboxylic acid. It appears 

that the eutectic displays some of the metal complexing characteristics of its individual 

components in organic diluents. This allows for the predictable formulation of mixtures 

capable of extracting metals across a range of conditions by two different mechanisms. By 

determining the factors governing extraction, the results presented can be extrapolated to 

other HES/metal systems thereby widening the applicability of HES in solvent extraction. 

This is best exemplified by monitoring how the addition of various counter anion like acetate 
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of perchlorate influence Cu(II) extraction. Cu(II) extraction was enhanced depending on 

which anion is present in the solution: in case of the presence of acetate anion, the extraction 

efficiency of copper reached to 87 % for TOPO:CapAc and 92 % for HydAc:CapAc 

mixtures. The extraction of the three HES towards a range of transition metals as well as the 

PGMs Pt(IV) and Cu(II) show that TOPO-based HES present good selectivity towards PGM 

from other transition metals in aqueous solution, a selectivity that could be tuned by selection 

of the second HES component. In contrast, carboxylate-based HES show an enhanced 

extraction of Fe(III) and to a lesser extent Cu(II). The TOPO:Thy system presented the 

greatest selectivity towards PGMs, with has an extraction efficiency for palladium and 

platinum around 70 % and 89 %, respectively. 

In a first attempt to envisage the application of the proposed HES to the recovery of 

value from e-waste, the selective extraction of palladium using TOPO:Thy as organic solvent 

from an aqueous solution containing a large excess of copper typical of PCB leachate was 

performed. Two cycles of extraction with TOPO:Thy and stripping with 0.1 M of thiourea 

in 0.5 M of HCl solution were performed. For the first cycle the efficiencies of extraction 

and stripping of palladium were of 70 % and 67 %, respectively, while for the second cycle 

the efficiencies were of 57 % and 72 %. This decrease in the %EE is attributed to the 

incomplete stripping of Pd(II) during the first cycle, limiting the quantity of palladium 

extracted in the forward cycle due to the saturation of TOPO:Thy. Overall, non-ionic HES 

stand out for their great potential as a more environmentally benign alternative to 

hydrophobic ILs or extracting ligands diluted in organic solvents. 

The field of HES remains relatively new, with plenty of further avenues for future work 

possible. Based on the results disclose in this thesis, a more consistent evaluation of metal 

extraction with HCl concentration is required to identify the most selective conditions. 

Additionally, the optimal conditions must be applied to real electronic waste leachate to 

further validate the applicability of HES to real matrices. Finally, the recyclability and reuse 

of the HES will be validated over multiple cycles, aiming at improving the palladium 

stripping step. Looking at developments beyond the scope of this thesis, it would be 

interesting to apply predictive models like COSMO-RS to describe the behavior of all 

mixtures, avoiding an extensive laboratorial work. Predictive tools have been already 

described in other works as excellent helping tools to study and predict real behaviors of 

HES (Abranches et al., 2019). Also, it would be interesting to amplify the study of metal 
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extraction to REEs, such as cerium or lanthanum, that are also present in the e-waste 

composition. Regarding the study of HES as metal extractants, it would be also important to 

amplify the study to other systems, this work only evaluated three of them but there are much 

more to be considered. 
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Appendix 

Appendix A: Description of the used chemical compounds 

In this appendix, it is presented a general description of the used chemical, from their 

structures, HBD and HBA sites, melting properties and physico-chemical properties.  

Table A.1 – Hydrogen bond donors and acceptors sites of several ES components. 

Compounds HBD/HBA sites 

Aspirin 1/3 

Caffeine 0/2 

Capric Acid 1/1 

Coumarin 0/2 

Eugenol 1/1 

Hydrocinnamic Acid 1/1 

Thymol 1/0 

TOPO 0/1 

Figure A.1 – Chemical structures of several compounds used to prepare the eutectic mixtures. 
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Table A.2 – Chemical compounds used in the preparation of aqueous solutions and their properties. 

 

 

Compounds 
Chemical 

Formula 
Supplier 

CAS 

Number 
Mw (g/mol) Purity (%) 

Hydrochloric Acid HCl Acros Organics 501-52-0 36.46 99.0 

Sodium Acetate NaCH3COO Prolabo 127-09-3 82.03 100.0 

Sodium Chloride NaCl Panreac 7647-15-5 58.44 99.5 

Sodium Nitrate NaNO3 Himedia 7631-99-4 85.00 99.5 

Sodium Perchlorate NaClO4 Sigma 7791-07-3 122.44 98.0 

Sodium Sulfate Na2SO4 Acros Organics 7757-82-6 142.04 99.0 

Sulfuric Acid H2SO4 Sigma_Aldrich 7664-93-9 98.08 95.0 

Thiourea CH4N2S Acros Organics 62-56-6 76.12 > 99.0 
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Table A.3 – Properties of the chemical compounds used in the ES preparation. 

Compounds Abbr. Supplier CAS Number Chemical Formula Mw (g/mol) Purity (%) Tf (K) ΔHf (kJ/mol) Solubility (g/L) 

1-(2-pyridylazo)-2-naphthol PAN Sigma-Aldrich 85-85-8 C15H11N3O 249.27 Indicator grade 412.0 M 0.10425 M 0.000394 [68]** 

Acetylsalicylic Acid/Aspirin Asp TCI 50-78-2 C9H8O4 180.16 > 98.0 407.4 [69] 23.01 [69] 4.600 [52] 

Caffeine Anhydrous Caff Sigma 58-08-2 C8H10N4O2 194.19 99.0 510.3 [69] 22.52 [69] 21.600 [52] 

Capric Acid CapAc Acros Organics 334-48-5 C10H20O2 172.26 99.0 304.8 [33] 27.50 [33] 0.0618 [52] 

Coumarin Cou Sigma 91-64-5 C9H6O2 146.14 99.0 343.0 [44] 18.63 [44] 2.494 [52] 

Eugenol Eu Aldrich 97-53-0 C10H12O2 164.20 99.0 269.2[44] 18.72 [44] 2.46 [52] 

trans-Ferulic Acid tFerAc TCI 537-98-4 C10H10O4 194.18 99.0 444.9 [70] 30.50 [70] 5.970 [71]* 

Hydrocinnamic Acid HydAc Acros Organics 501-52-0 C9H10O2 150.18 99.0 321.8 [54] 16.30 [54] 5.900 [52] 

(R)-(-)-Mandelic Acid ManAc Acros Organics 611-71-2 C8H8O3 150.15 99.0 392.2 [72] - 110 [52] 

Salicylic Acid SalAc Acofarma 69-72-7 C7H6O3 138.12 99.0 431.1 [44] 24.45 [44] 2.24 [52] 

Syringic Acid SyrAc Acros Organics 530-57-4 C9H10O5 198.17 > 97.0 480.3 [44] 33.70 [44] - 

Thymol Thy TCI 89-83-8 C10H14O 150.22 > 99.0 323.5 [33]  19.65 [33] 0.900 [52] 

p-Toluenesulfonic Acid Monohydrated p-TolAc TCI 104-15-4 C7H8O3S·H2O 190.20 > 98.0 379.7 [73] - 670 [74] 

Trioctylphosphine oxide  TOPO Aldrich 78-50-2 C24H51OP 386.65 99.0 325.9 M 0.15006 M 0.0015 [53]** 

Vanillic Acid VanAc Acros Organics 121-34-6 C8H8O4 168.15 97.0 482.6 [69] 27.26 [69] 1.50 [52] 

Legend: M – Measured in this work by DSC; * – Insoluble; ** – Estimated value. 
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Table A.4 – Metal salts used and their properties. 

Metals Salts Chemical Formula Supplier 
CAS 

Number 

Mw 

(g/mol) 

Purity 

(%) 

Cerium(IV) Sulfate tetrahydrate Ce(SO4)·4H2O Alfa Aesar 95838-16-7 404.32 98.0 

Chromium(III) Chloride 

hexahydrate 
CrCl3·6H2O Merck 10060-12-5 266.48  

Cobalt(II) Chloride 

hexahydrated 
CoCl2·6H2O Merck 7791-13-1 237.95 99.0 

Copper(II) Acetate 

monohydrated 
Cu(CH3COO)2·H2O Panreac 6046-93-1 199.67 99.0 

Copper(II) Chloride dihydrated CuCl2·2H2O 
BDH 

Chemicals 
10125-13-0 170.49 99.0 

Iron(III) Chloride hexahydrated FeCl3·6H2O Merck 10025-77-1 270.32 99.0 

Nickel(II) Chloride 

hexahydrated 
NiCl2·6H2O AnalaR 7791-20-0 237.71 97.0 

Palladium(II) Chloride PdCl2 Aldrich 7647-10-1 177.32 99.0 

Platinum(IV) Chloride PtCl4 Spectrosol®  336.89 99.9 

Potassium Chromate K2CrO4 
BDH 

Chemicals 
7789-00-6 194.19 99.5 
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Appendix B: Solvents Screening 

Two different tables and figures compose this Appendix: Table B.1 that presents the mixtures prepared with the fifteen selected 

chemical compounds; Table B.2 which contains specific information registered for the mixtures assessed, as stoichiometry used and the 

final physical state of each system prepared; Figure B.1 presents SLE phase diagram results for Asp:Cou, Asp:Caff and Cou:SalAc; 

Figure B.2 presents visual results from the equilibria of ES in contact with two solutions at different pH, 1 and 0. 

Table B.1 – Combinations prepared during the solvent screening. 

 Legend: * – Mixture already reported in the literature [33]. 

 Thy CapAc Cou Eu SalAc VanAc SyrAc tFerAc Caff Asp HydAc TOPO PAN ManAc p-TolAc 

Thy  X X X X X X X X X X X X X X 

CapAc   X X X X X X X X X X X  X 

Cou    X X X X X X X X X X   

Eu     X X X X X X X X X  X 

SalAc          X X     

VanAc          X X     

SyrAc          X X     

tFerAc          X X     

Caff          X X     

Asp           X X    

HydAc            X    

TOPO                

PAN                

ManAc                

p-TolAc                



 

66 

Table B.2 – Stoichiometry and final physical states of the mixtures assessed in the solvent screening. 

ES 
Stoichiometry Physical State Notes 

Compound 1 Compound 2 

Thymol 

Capric Acid* 1:1 LIQ  

Coumarin 

1:3 SOL  

1:1 LIQ  

3:1 LIQ  

Eugenol 

1:3 LIQ  

1:1 LIQ  

3:1 LIQ  

Salicylic Acid 
1:3 SOL  

3:1 SOL  

Vanillic Acid 
1:3 SOL Degraded 

3:1 SOL  

Syringic Acid 
1:3 SOL Degraded 

3:1 SOL  

trans-Ferulic Acid 
1:3 SOL  

3:1 SOL  

Caffeine 
1:3 SOL  

3:1 LIQ  

Aspirin 

1:3 LIQ  

1:1 LIQ  

3:1 LIQ  

TOPO 

1:3 SOL  

1:1 LIQ  

3:1 LIQ  

PAN 3:1 SOL  

Mandelic Acid 1:1 SOL  

p-Toluenesulfonic 

Acid 

1:1 SOL  

3:1 SOL  

Capric Acid 

Coumarin 

1:3 SOL  

1:1 SOL  

3:1 SOL  

Eugenol 

1:3 LIQ  

1:1 LIQ  

3:1 LIQ  

Salicylic Acid 
1:3 SOL  

3:1 SOL  

Vanillic Acid 1:3 SOL Degraded 
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Capric Acid 

Vanillid Acid 3:1 SOL  

Syringic Acid 
1:3 SOL Degraded 

3:1 SOL  

trans-Ferulic Acid 
1:3 SOL  

3:1 SOL  

Caffeine 
1:3 SOL  

3:1 SOL  

Aspirin 

1:3 SOL  

1:1 SOL  

3:1 LIQ  

Hydrocinnamic 

Acid 

1:3 SOL  

1:1 LIQ  

3:1 SOL  

TOPO 

1:3 SOL  

1:1 LIQ  

3:1 LIQ  

PAN 3:1 SOL  

p-Toluenesulfonic 

Acid 
3:1 SOL  

Coumarin 

Eugenol 

1:3 LIQ  

1:1 LIQ  

3:1 SOL  

Salicylic Acid 
1:3 SOL  

3:1 SOL  

Vanillic Acid 
1:3 SOL Degraded 

3:1 SOL  

Syringic Acid 
1:3 SOL Degraded 

3:1 SOL  

trans-Ferulic Acid 
1:3 SOL  

3:1 SOL  

Caffeine 
1:3 SOL  

3:1 SOL  

Aspirin 
1:3 SOL  

1:1 SOL  

Coumarin 

Aspirin 3:1 SOL  

Hydrocinnamic 

Acid 

1:3 SOL  

1:1 LIQ  

3:1 SOL  



 

68 

Coumarin TOPO 

1:3 SOL  

1:1 SOL  

3:1 SOL  

Eugenol 

Salicylic Acid 
1:3 SOL Degraded 

3:1 SOL Degraded 

Vanillic Acid 
1:3 SOL Degraded 

3:1 SOL Degraded 

Syringic Acid 
1:3 SOL Degraded 

3:1 SOL Degraded 

trans-Ferulic Acid 
1:3 SOL Degraded 

3:1 SOL Degraded 

Caffeine 
1:3 SOL Degraded 

3:1 SOL  

Aspirin 

1:3 SOL  

1:1 SOL  

3:1 LIQ  

Hydrocinnamic 

Acid 

1:3 LIQ  

1:1 LIQ  

3:1 LIQ  

TOPO 

1:3 SOL  

1:1 LIQ  

3:1 LIQ  

PAN 3:1 SOL  

p-Toluenesulfonic 

Acid 
3:1 SOL  

Salicylic Acid 

Aspirin 
1:3 SOL  

3:1 SOL  

Hydrocinnamic 

Acid 

1:3 SOL  

3:1 SOL  

Vanillic Acid 

Aspirin 
1:3 SOL  

3:1 SOL Degraded 

Hydrocinnamic 

Acid 

1:3 SOL  

3:1 SOL Degraded 

Syringic Acid 

Aspirin 
1:3 SOL  

3:1 SOL Degraded 

Hydrocinnamic 

Acid 

1:3 SOL Degraded 

3:1 SOL Degraded 
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trans-Ferulic 

Acid 

Aspirin 
1:3 SOL  

3:1 SOL  

Hydrocinnamic 

Acid 

1:3 SOL  

3:1 SOL  

Caffeine 

Aspirin 
1:3 SOL  

3:1 SOL  

Hydrocinnamic 

Acid 

1:3 SOL  

3:1 SOL  

Aspirin 

Hydrocinnamic 

Acid 

1:3 SOL  

1:1 SOL  

3:1 SOL  

TOPO 

1:3 SOL  

1:1 LIQ  

3:1 SOL  

Hydrocinnamic 

Acid 

TOPO 

1:3 SOL  

1:1 LIQ  

3:1 LIQ  

PAN 3:1 SOL  

Legend: * – Mixture already reported in the literature [33]. 

A B 

C 

Figure B.1 – SLE phase diagrams of the systems (A) Aspirin:Coumarin; (B) Aspirin:Caffeine; 

(C) Coumarin:Salicylic Acid. Legend: (---) Ideality  curve; (---) 298 K; (×) Data from this work. 
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B 

Figure B.2 – Snapshots and schematics of the phase equilibrium between organic and aqueous phases of the 

several mixtures studied at two different pHs. Legend: (A) pH 1; (B) pH 0. 
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Appendix C: Results from FTIR-ATR and NMR Analysis for ES Characterization 

 

… 

Figure C.1 – 13C NMR spectra of TOPO and thymol pure compounds and the resultant mixture, at T = 328 K. 

Figure C.2 – 1H NMR spectra of TOPO and capric acid pure compounds and the resultant mixture, at T = 328 K. 
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. 

Figure C.3 – 13C NMR spectra of TOPO and capric acid pure compounds and the resultant mixture, at T = 328 K. 

Figure C.4 – 1H NMR spectra of hydrocinnamic acid and capric acid pure compounds and the resultant mixture, at T = 328 K. 
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. 

 

Figure C.5 – 13C NMR spectra of hydrocinnamic acid and capric acid pure compounds and the resultant mixture, at T = 328 K. 

Figure C.6 – FTIR-ATR spectra of TOPO, thymol and TOPO:Thy mixture, at room conditions. 
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Table C.1 – Compilation of the selected FTIR-ATR spectra peaks of TOPO:Thy and the associated chemical bonds. 

Dimension Peak (cm-1)  Associated Bond Compound 

#1 3190  Ph-OH Thymol 

#2 2954  CH-(CH3)2 Thymol/TOPO 

#3 2924  C-H Thymol/TOPO 

#4 2854  C-H Thymol/TOPO 

#5 1458  C-H Thymol/TOPO 

#6 1423  Aromatic Ring Thymol 

#7 1292  C-C Thymol/TOPO 

#8 1240  C-O Thymol 

#9 1146  P=O TOPO 

#10 802  H-Car-Car-H Thymol 

#11 721  H-Car-Car-H Thymol 

Legend: Ph – Phenolic ring; Car – Aromatic carbon. 

 

 

  

Figure C.7 – FTIR-ATR spectra of TOPO, capric acid and TOPO:CapAc mixture, at room conditions. 
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Figure C.8 – FTIR-ATR spectra of hydrocinnamic acid, capric acid and HydAc:CapAc mixture, at room conditions. 
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Appendix D: Results from FTIR-ATR and NMR Analysis for Metal Extraction. 

 

 

 

Figure D.1 – FTIR-ATR spectra of TOPO:Thy mixture before and after the palladium extraction, and after the stripping step, at room conditions. 

Figure D.2 –  31P NMR spectra of TOPO:Thy mixture before and after the extraction of palladium, and after the stripping step, at T = 298 K. 
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.. 

 

Figure D.3 – 13C NMR spectra of TOPO:Thy mixture before and after the extraction of palladium, and after the stripping step, at T = 298 K. 

Figure D.4 – FTIR-ATR spectra of TOPO:CapAc mixture before and after the palladium extraction, and after the stripping step, at room conditions. 
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Figure D.5 – FTIR-ATR spectra of HydAc:CapAc mixture before and after the copper extraction, at room conditions. 


