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Resumo 

P 

A poluição é um grave problema que pode conduzir a alterações irreversíveis, como a 

destruição de ecossistemas e perda de biodiversidade. Os metais pesados são os principais 

contaminantes de solos e águas subterrâneas na Europa. A sua principal fonte de emissão são 

atividades humanas, sendo as indústrias de extração e processamento de minérios as mais 

relevantes. Por serem poluentes não biodegradáveis, acumulam-se e a remediação de áreas 

contaminadas é difícil e nem sempre possível in situ. Desta forma, a preservação do meio ambiente 

passa pela minimização das emissões poluentes, sendo o tratamento de efluentes uma das 

estratégias para tal.  

Nesta tese é estudada a remoção de cobre, chumbo, cádmio e níquel de água, através do 

processo de adsorção. Esta seleção recai na elevada importância destes quatro metais na sociedade 

atual, quer seja pela sua ampla utilização e valor económico, ou pelas elevadas toxicidade e 

emissões. O trabalho realizado foca-se no desenvolvimento de adsorventes para estes metais, 

através da síntese de aerogéis e xerogéis de sílica organicamente modificados e caracterização do 

processo de sorção dos metais por estes. Pretende-se desenvolver adsorventes que possam 

funcionar como uma solução transversal, removendo todos os metais contaminantes, mas também 

produzir soluções seletivas para cobre e níquel, devido ao seu valor económico.  

Os adsorventes são sintetizados através da metodologia sol-gel, catalisada por ácidos e bases, 

sendo que a modificação da sua química de superfície é conseguida através de co-precursores 

organicamente modificados. Quando conveniente, a modificação dos grupos orgânicos dos 

precursores é feita a priori da síntese do adsorvente. A influência do processo de secagem, por 

extração com dióxido de carbono supercrítico ou por evaporação, nas propriedades do material 

final foi também avaliada. Os adsorventes foram alvo de caracterização física/estrutural, química e 

térmica. 

Com o objetivo de remover todos os metais em estudo, a modificação das matrizes de sílica 

é feita através de grupos orgânicos contendo enxofre (tiol) ou azoto (p. ex. amina) como átomos 

dadores de electrões, dando origem à síntese de diferentes formulações. O estudo das matrizes 

modificadas com grupo tiol encontra-se no Capítulo 4 enquanto que o estudo das matrizes com 
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azoto encontra-se no Capítulo 5. A modificação da matriz de sílica conduz a uma diminuição de 

área de superfície específica. Quando as formulações contêm grupos amina, a sua secagem por 

evaporação densifica o material, levando a uma perda acentuada de porosidade e área de superfície 

específica, esta última podendo chegar a 2 m2 g−1. A comparação com um aerogel não modificado 

revelou que a modificação da sílica é necessária para esta aplicação, pois o material não modificado 

apenas interagiu com chumbo (remoção para os restantes catiões <9% com uma concentração 

inicial de 50 mg L−1). A generalidade das modificações verificou-se capaz de interagir com os metais 

em solução, sendo os grupos isocianurato e ureia as exceções (remoção ≤10% com uma 

concentração inicial de catião 50 mg L−1, exceto para chumbo). Os grupos amina são mais eficientes 

que os demais testados, tendo inclusivamente melhorado o desempenho sortivo de matrizes 

modificadas com tiol, mesmo em materiais de reduzida porosidade.  

O estudo mais detalhado de formulações selecionadas revelou que processo de sorção é 

concluído em algumas horas e as interações com os catiões são fortes e dificilmente reversíveis. Foi 

selecionado o aerogel contendo aminas primárias e secundárias (A_A+3A) como o melhor 

adsorvente transversal para os catiões em estudo (capacidade de adsorção de Langmuir de  

60 mg g−1 para cobre, 347 mg g−1 para chumbo, 83 mg g−1 para cádmio e 66 mg g−1 para níquel). O 

seu estudo em misturas binárias permitiu concluir que até seis horas de adsorção este material revela 

um comportamento seletivo para cobre (2.6 em relação a níquel e até 49 a cádmio). Assim o 

adsorvente A_A+3A é simultaneamente uma solução transversal e seletiva para cobre, sendo o 

resultado da adsorção controlado pelas condições operatórias. A sua regeneração por via química 

com ácidos é possível, mas conduz à perda parcial de características adsortivas, para cerca de um 

terço da capacidade inicial. A recuperação do cobre dessorvido pode ser feita por eletrólise. 

A modificação da matriz de sílica com certos ionóforos conduziu ao desenvolvimento de 

aerogéis seletivos. A introdução de azóis na sílica resultou num material que não interage com os 

catiões, não se verificando uma remoção significativa de cobre. Tal facto deve-se à inacessibilidade 

dos átomos dadores de electrões por parte dos catiões, sendo a distância entre estes (2.4 Å) inferior 

ao raio hidratado dos catiões, devido a repulsão estérea dos grupos funcionais vizinhos e a repulsão 

electroestática. O adsorvente baseado num salen revelou propriedades estruturais semelhantes às 

de um aerogel mesmo após secagem evaporativa, devido a um encolhimento reduzido (10%), e 

tem uma acrescida afinidade para o níquel, sendo a sua capacidade remoção para este último 

superior e inalterada pela presença dos demais catiões. Apesar do modelo BET se ajustar melhor 

aos dados, de um ponto de vista estatístico, a existência de multicamadas de catiões não é plausível 

e o tipo de interações adsorvente-adsorvato é essencialmente definido pelo raio iónico dos catiões. 

A seletividade estimada revela que este adsorvente é duas vezes mais seletivo para níquel do que 
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para cobre e até 9 vezes para cádmio. Devido à forte interação com níquel a sua dessorção é muito 

limitada. 

Assim, este trabalho permitiu demonstrar a elevada capacidade adsorptiva dos aerogéis de 

sílica modificados organicamente para metais pesados com presença relevante em efluentes de 

algumas indústrias, bem como em solos e águas, quando comparados com outros adsorventes 

comerciais ou em investigação. A assinalável versatilidade química da rede de sílica permite ainda 

adaptar facilmente a química de superfície destes materiais para obter soluções de remoção mais 

amplas ou seletivas, tirando cumulativamente partido da elevada porosidade e área de superfície 

dos aerogéis. 
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Abstract 

P 

Environmental pollution is a severe issue that might cause permanent changes, such as the 

destruction of ecosystems and loss of biodiversity. Heavy metals are the main pollutant in 

European soils and groundwater. Their main source are human activities, the most relevant being 

mining and ore processing. Their non-biodegradability causes accumulation in the environment 

and the remediation of contaminated sites is difficult and might not be possible to do in situ. Thus, 

the preservation of natural environments is dependent on minimizing pollutant emissions, with 

effluent treatment being one possible approach. 

In this thesis the removal via sorption of copper, lead, cadmium and nickel from water is 

studied. These were selected due to their current relevance based on wide application, economic 

value, high toxicity and emissions. The focus of the work is the development of adsorbents for 

these metals, achieved by the synthesis of organically modified silica aerogels and xerogels, and the 

study of the sorption process. The goal is the development of a multipurpose solution, able to 

remove all pollutants, as well as producing selective copper and nickel adsorbents, due to high 

economic value of these metals. 

The adsorbents are synthesized though acid-base catalyzed sol-gel chemistry. The surface 

chemistry modification is achieved by using precursors containing organic moieties of interest. 

When appropriate, the organic groups on the precursors are modified prior to the gel’s synthesis. 

The effects of the drying stage, via supercritical fluids extraction with carbon dioxide or via 

evaporative drying, on the final material’s properties are also assessed. The adsorbents are 

characterized structurally, chemically and thermally. 

To remove all cations under study, the silica matrixes are modified with organic groups 

containing sulfur (thiol groups) or nitrogen (e.g., amine) electron donor atoms, resulting in several 

different formulations. The study of silica matrixes modified with thiol groups is presented in 

Chapter 4 whilst the study of nitrogen modified matrixes is in Chapter 5. The modification of the 

silica matrix was found to reduce the specific surface area. Formulations containing amine groups 

are densified when dried by evaporation, severely decreasing porosity and surface area, the latter as 

low as 2 m2 g−1. Comparing with pristine (non-modified) matrixes, it was revealed that the surface 

chemistry modification is required for this application, with the former only interacting with lead 
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(the removal for the remainder cations is <9% with a starting concentration of 50 mg L−1). In 

general, the modified matrixes interact with the cations in solution, with isocyanurate and urea 

groups being notable exceptions (removal <10% with a starting cation concentration of  

50 mg L−1, except for lead). Amine groups are the most efficient of those tested, improving even 

the adsorptive performance of thiol modified sorbents, even on materials of reduced porosity.  

The in-depth study of selected formulations revealed that the sorption takes a few hours, and 

the adsorbent-cation interactions are strong and not easily reversible. The aerogel containing 

primary and secondary amines (A_A+3A) was chosen as the best multipurpose adsorbent 

(Langmuir adsorption capacity of 60 mg g−1 for copper, 347 mg g−1 for lead, 83 mg g−1 for cadmium 

and 66 mg g−1 for nickel). Its study with binary mixtures of cations revealed that it is selective for 

copper up to six hours of the adsorption process (selectivity of 2.6 in relation to nickel and 49 in 

relation to cadmium). Thus, A_A+3A is both the multipurpose solution and the copper selective 

one, and the outcome of the adsorption is controlled by the operating conditions. Desorption of 

the cations from this material is possible with acids, but it leads to partial loss of the sportive 

performance, to a third of the original one. The recovery of desorbed copper can be achieved via 

electrodeposition.  

The modification of the silica matrix with certain ionophores led to the synthesis of selective 

aerogels. The azole modification of the silica generated a material that interacts poorly with the 

cations; hence a significant removal of copper was not observed. This result was attributed to the 

possible inaccessibility of the azole groups in the matrix, as these are smaller (2.4 Å across) than 

the cations, due to steric hindrance of neighboring groups and electrostatic repulsion. The nickel 

selective, salen based adsorbent features aerogel-like characteristics (as it suffered a small shrinkage 

of 10% after evaporative drying) and has a high affinity for nickel. Its removal is the highest and 

unaffected by the presence of competing ions. Despite the BET model describing the data better, 

from a statistical point of view, the existence of cation multilayers is unlikely, and the aerogel-cation 

interactions are defined by the hydrated radius of the cation. Its estimated selectivity reveals that 

this adsorbent is twice as selective for nickel than for copper and 9 times than for cadmium. Due 

to the high affinity with nickel, its desorption is very limited.  

This work allowed to demonstrate the high adsorptive performance of organically modified 

silica aerogels for heavy metals relevant in some industrial effluents, soil and water, when compared 

with other commercial or researched adsorbents. The great chemical versatility of the silica matrix 

also allowed to adapt its surface chemistry to obtain more general use or selective solutions, taking 

advantage of the high porosity and surface area of aerogels. 
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1.1. Motivation 

Environmental pollution, a challenge currently faced by mankind, leads to significant and 

possibly irreversible changes in the Earth’s ecosystems. Contamination by heavy metals, the main 

pollutants in European soils and groundwater, is an example of such: it has anthropogenic origin 

and humanity struggles to deal with it [1]. Evidences of the use of metal objects by humans date 

back to the 5th millennium BCE [2], previous to what is considered to be the start of the bronze 

age, when humans first used metals [3]. Nowadays, we still rely on metals to enable the continued 

development of society, with these being used as raw materials in different industries [4-6]. Though 

naturally occurring, through weathering of parent materials, and some being biologically essential 

(for example, copper and chromium are micro nutrients [7]), pollutant emissions raise the 

concentration of these elements in natural environments to dangerous concentrations [8, 9]. Non-

essential heavy metals are toxic to living organisms, as are the essential ones at high concentrations 

[7].  

 

Figure 1 - Schematic representation of heavy metal emissions from ore extraction and processing. 

 

After being released into the environment as solid, liquid and gaseous wastes, the heavy 

metals accumulate in soils and sediments due to different phenomena - Figure 1. Because of the 

dynamic equilibria within the ecosystems and between soil constituents themselves, heavy metals 

may be present in different phases such as the solid phase (immobilized contaminants) or dissolved 

in soil solution and watercourses (mobile contaminants) [9-12] and easily interchange between 

them. The latter form is the most dangerous because mobile species can leach e.g.. to underground 

aquifers and be absorbed by living organisms.  

Different methods for the decontamination of polluted sites, that are specific for soil, liquid, 

or gaseous media, have been proposed. Limitations in large scale implementation, economic 

viability and lack of restrictive legislation, hindered the application of solutions for the resolution 

of this issue via remediation of polluted media and/or rigorous treatment of effluents.  
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Copper, lead, cadmium and nickel feature high toxicity and are prone to human-made 

emissions and accumulation in the environment, as elaborated in Chapter 2. They are relevant 

resources in the majority of business sectors of contemporaneous societies [4, 6, 13].  

Copper is the third most important metal by weight [14], its production is very high 

(estimated at 16 million tons yearly [5, 15]) and it is used in electrical equipment (60% of 

consumption), plumbing/construction, machinery, transport, coins, art, music instruments, 

kitchen utensils [6, 14] and to catalyze many reactions [16-18]. Copper is also a micronutrient in 

animals and plants.  

Lead and its related compounds are very toxic [19]. Lead goods were used for many centuries, 

like the water pipes used in the Roman Empire [6]. In the USA lead water pipes are still a cause for 

concern in many places. Most recent uses of lead [19] have been banned: as gasoline additives, in 

solders, paint pigments and the EU plans to ban lead ammunition and fishing gear [20]. It is still 

used for lead-acid batteries and as radiation shields [6]. No biological functions are known [19].  

Cadmium is highly toxic. Its can be applied as a stabilizer in plastics, pigment in dyes, coating 

agents, accessories/jewelry, Ni-Cd rechargeable batteries and solar cells [21, 22], with the latter two 

contributing to impulse its use [22]. The EU has banned it from being used in plastics, paints and 

jewelry [23]. 

Nickel is ferromagnetic at room temperature [6] and an efficient catalyst [24]. It is used for 

the production of stainless steel (75% of its consumption [25]), alloys (Ni/Cr alloys are used for 

heating elements that withstand high temperatures, Ni/Fe and Ni/Al/Co alloys are used as 

magnets), nickel cast iron (jewelry, coins), corrosion-resistant coatings by electroplating and the 

production of batteries (nickel-metal hydride and Li-ion) [6, 26, 27]. Nickel is also important in 

biological processes, being a micronutrient for plants and cyanobacteria [27].  

Due to the lack of best available materials, their accelerated production/consumption, mainly 

in China [25, 28], can cause their depletion in the next decades [5, 29]. Furthermore the exploration 

of more and lower grade ores, deeper deposits, mining in remote sites and keeping up with 

environmental standards, all necessary to satisfy the market, are projected to increase mining costs 

[5]. 
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1.2. Goals 

Copper, lead, cadmium and nickel are relevant, toxic and in risk of depletion. Many heavy 

metals are used as raw materials in different industries [4, 5] and have commercial value [5, 28], so 

minimizing their discharge has economic impact on businesses. Recovering metals via adsorption 

can become an effective way for avoiding their drainage and to make their consumption 

sustainable. There are also initiatives to achieve circular economy [30] in areas where metals are of 

paramount importance. Thus, the work developed in this thesis aims for:  

 i) the removal of metal ions (copper, lead, cadmium and nickel) from contaminated aqueous 

environments, using functionalized silica gels as adsorbents; 

ii) recover valuable metal ions (copper and nickel) and regenerate the absorbents, to enable 

their reuse and contribute to a sustainable growth of a metal-dependent society.  

From the evaluated metals, only copper and nickel have increasing market value [5, 28] due 

to their high importance, reflected in increased demand and production [14, 15]. Therefore, only 

these two cations are economically viable to recover. Nevertheless, stock prices are sensitive to 

global events and copper’s price has started to fall in 2019 [25] but is rebounding in 2020 [31]. In 

addition, the removal of cadmium and lead from aqueous media is of crucial relevance for 

ecosystems and global health due to their high toxicity.  

The approach used to achieve the aforementioned goals encompasses the development of 

materials falling into two categories: a multipurpose solution, non-selective adsorbent, to enable 

the simultaneous removal of several heavy metals; the design of sorbents with selective affinities, 

allowing a selective and step-recovery of desired metals. The choice of adsorbent to implement at 

a given situation depends on the composition of the media being treated and the final purpose: 

recover relevant raw materials or simply comply with effluent discharge regulations. Accordingly, 

silica aerogels/xerogels functionalized with appropriate organic ligands are proposed as advanced 

adsorbents for the removal of heavy metals from polluted water environments. Both adsorbent 

and heavy metal are recovered with desorption and chemical/electrochemical methods, 

respectively.  

1.3. Thesis Structure 

The work presented in this thesis was developed through the period of two individual grants, 

Prémio de Estimulo à Investigação 2015 (AeroMCatch, 2016-2017) and FCT scholarship, (2018-2021). 

The thesis is divided into seven chapters, briefly described below.   
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Chapter 1 frames the work developed in this thesis. It also describes its layout and compiles 

the different publications from the author from which the subsequent chapters are derived. 

Chapter 2 features theory on heavy metals, their chemistry and a survey on pollution and 

treatment strategies associated with them. 

Chapter 3 highlights the background on adsorptive processes, the synthesis of silica-based 

aerogels and a literature survey on adsorbents of heavy metals. 

Chapter 4 presents the modification of silica-based xerogels and aerogels with thiol groups 

(accomplished under the scope of the AeroMCatch project) and their corresponding study as non-

selective adsorbents through batch tests.  

Chapter 5 presents the modification of silica-based aerogels with nitrogen-containing 

functional groups. Different functional groups are used to prepare several formulations. The 

impact of the synthesis methodologies on the materials properties are evaluated. Results on their 

adsorption performance, for single and binary cation mixtures, selectivity and regeneration are 

discussed. The recovery of the ions is investigated by various methodologies. 

Chapter 6 reports the development of functionalized silica-based aerogel adsorbents 

modified by ionophores. The organically modified silica (ORMOSIL) adsorbents are prepared 

through the modification of the silica co-precursors. The samples are tested in single and binary 

mixtures, and selectivity and regeneration are evaluated.  

Chapter 7 compiles the final conclusions and discusses perspectives for future work. 

1.4. Dissemination of Results 

The results obtained throughout the development of this PhD work were published in 

different journals, listed hereafter. The contents of the different chapters are mainly based on those.  

 

Original Research papers: 

Vareda, J. P.; Durães, L., Functionalized silica xerogels for adsorption of heavy metals from 

groundwater and soils. Journal of Sol-Gel Science and Technology 2017, 84, 400-408, 

10.1007/s10971-017-4326-y. 

Vareda, J. P.; Durães, L., Efficient adsorption of multiple heavy metals with tailored silica 

aerogel-like materials. Environmental Technology 2019, 40, 529-541, 10.1080/09593330. 

2017.1397766. 
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Lamy-Mendes, A.; Torres, R. B.; Vareda, J. P.; Lopes, D.; Ferreira, M.; Valente, V.; Girão, A. 

V.; Valente, A. J. M.; Durães, L., Amine Modification of Silica Aerogels/Xerogels for Removal of 

Relevant Environmental Pollutants. Molecules 2019, 24(20), 3701, 10.3390/molecules24203701. 

Vareda, J. P.; Valente, A. J. M.; Durães, L., Silica Aerogels/Xerogels Modified with Nitrogen-

Containing Groups for Heavy Metal Adsorption. Molecules 2020, 25, 2788, 10.3390/ 

molecules25122788. 

 

Review papers: 

Vareda, J. P.; Valente, A. J. M.; Durães, L., Heavy metals in Iberian soils: Removal by current 

adsorbents/amendments and prospective for aerogels. Advances in Colloid and Interface Science 

2016, 237, 28-42, 10.1016/j.cis.2016.08.009. 

Durães, L.; Maleki, H.; Vareda, J. P.; Lamy-Mendes, A.; Portugal, A., Exploring the Versatile 

Surface Chemistry of Silica Aerogels for Multipurpose Application. MRS Advances 2017, 2, 3511-

3519, 10.1557/adv.2017.375. 

Vareda, J. P.; Lamy-Mendes, A.; Durães, L., A reconsideration on the definition of the term 

aerogel based on current drying trends. Microporous and Mesoporous Materials 2018, 258, 211-

216, 10.1016/j.micromeso.2017.09.016. 

Vareda, J. P.; Valente, A. J. M.; Durães, L., Assessment of heavy metal pollution from 

anthropogenic activities and remediation strategies: A review. Journal of Environmental 

Management 2019, 246, 101-118, 10.1016/j.jenvman.2019.05.126.1 

Vareda, J. P.; Valente, A. J. M.; Durães, L., Ligands as copper and nickel ionophores: 

Applications and implications on wastewater treatment. Advances in Colloid and Interface Science 

2021, 289, 102364, 10.1016/j.cis.2021.102364. 

Vareda, J. P.; García-Gonzaléz, C. A.; Valente, A. J. M.; Simón-Vázquez, R.; Stipetic, M.; 

Durães, L., Insights on toxicity, safe handling and disposal of silica aerogels and amorphous 

nanoparticles. Environmental Science: Nano 2021, 8, 1177-1195, 10.1039/D1EN00026H. 

 

 

 

1 Classified as hot paper rand highly cited paper by the Web of Science platform. 

https://doi.org/10.1016/j.cis.2016.08.009
https://doi.org/10.1039/D1EN00026H
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Chapter 2  
Heavy Metals in the Environment 

P 

 

 

 

 

 

 

 

 

 

 

 

 

The content of this chapter is based on the author’s published works Heavy metals in Iberian 

soils: Removal by current adsorbents/amendments and prospective for aerogels and Assessment of heavy metal 

pollution from anthropogenic activities and remediation strategies: A review. 
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2.1. Chemistry of Heavy Metals  

Heavy metal is a poorly defined term that refers to a group of elements with a density greater 

than 4 g cm−3, including metals and metalloids like arsenic [32]. Table 1 summarizes typical forms 

and health effects of common heavy metals. Although there are several heavy metals (and 

metalloids) discussed in this chapter, only copper, lead, cadmium and nickel are under study in this 

thesis due to their significance as resources from which we are dependent, toxicity and 

environmental accumulation, as explained in Chapter 1. 

The speciation of heavy metals plays a key role in their persistence in the environment; 

mobile forms can easily leach, spreading to different media, and are more bioavailable, being 

absorbed by living organisms [9-12]. Furthermore, some properties like toxicity are also dependent 

on the speciation - Table 1. The speciation curves for the heavy metals under study in this thesis 

in water are presented in Figure 2. In water, the ions can be solvated in multiple hydration spheres. 

Increasing the ionic radius, the charge density and the volume of the primary hydration sphere 

decreases [33]. Small primary hydration spheres have less dehydration energy and are therefore less 

stable. The ionic radius, charge density and hydration energy for the cations under analysis are 

reported in Table 2. 

 

Figure 2 - Speciation diagrams for the cations under study in the M2+-OH system. M2+ refers to a divalent 
cation. [M2+]Total = 1mM [34-37]. 
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Table 1 - Chemical form, health effects and common sources for heavy metals. 

Heavy 
Metal 

Chemistry 
Effects on Human Health and Hazard 

Communication Pictograms 
Common Sources Ref. 

Arsenic 
(As) 

Occurs in −3, 0, +3 and +5 oxidation states. Most As is 
found as arsenate minerals. As(V) adsorbs more easily to 
sediments. In soils it predominates in anionic forms. As 

mobility increases with pH. 

Carcinogenic, causes cardiovascular 
disease, development anomalies and 

neurologic disorders. 

 

Fossil fuel burning, pesticides, 
wood treatments, agriculture, 
medical and veterinarian uses, 

mining and ore processing. 

[7, 10, 
38] 

Cadmium 
(Cd) 

Occurs in 0 and +2 oxidation states. Found as carbonate 
and hydroxide at higher pH and as Cd(II) at low pH. In 

acid conditions, it has high mobility. 

Negatively affects several enzymes, causes 
kidney malfunctions and bone disease. 

 

Impurity in phosphate fertilizers, 
detergents, petroleum products, 

biosolids, mining and ore 
processing. 

[39-41] 

Chromium 
(Cr) 

Occurs in 0, +3 and +6 oxidation states. Cr(VI) is the 
most toxic and mobile oxidation state. Cr(III) is the 

preferred form at low pH. Its mobility is related to the 
soil’s sorption characteristics. At high soil pH Cr(VI) 

becomes more leachable. 

Causes allergic dermatitis and lung cancer. 

 

Releases from electroplating 
processes, disposal of Cr 
containing wastes, sewage 

treatment plants, mining and ore 
processing. 

[10, 27] 

Copper 
(Cu) 

Occurs in 0, +1 and +2 oxidation states. Cu(II) is the 
most common and most toxic form. Copper solubility 
increases at pH 5.5. It usually complexes rapidly; after 

being introduced in the environment, it becomes 
immobilized. 

Can cause anemia, damages to the liver 
and kidneys, stomach irritation. 

 

Fertilizers, sewage sludges, fuel 
combustion, mining and ore 

processing. 

[14, 42, 
43] 

Mercury 
(Hg) 

Occurs in 0, +1 and +2 oxidation states. Alkylated forms 
are also common and are the most toxic. Volatile in 

metallic form. 

Changes enzymatic activity, causes kidney 
liver and neurological damage, Affects the 
reproductive system and is carcinogenic. 

 

Coal combustion, light bulbs 
production, chlor-alkali and vinyl 
chloride production, mining and 

ore processing. 

[7, 10, 
38] 

Nickel (Ni) 

Occurs in 0 and +2 oxidation states although others exist. 
Ni(II) is the most common form, exists at low pH and is 

leachable. At neutral or higher pH, Ni precipitates. It 
easily adsorbs to soil particles becoming immobilized. 

Can cause dermatitis, lung, cardiovascular 
and kidney diseases and cancer. 

 

Nickel mining, fossil fuel 
combustion, metal processing 

industries. 

[26, 27, 
44] 
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Table 1 - Chemical form, health effects and common sources for heavy metals (concluded). 

Heavy 
Metal 

Chemistry 
Effects on Human Health and Hazard 

Communication Pictograms 
Common Sources Ref. 

Lead 
(Pb) 

Occurs in 0 and +2 oxidation states. Pb(II) is the most 
common and reactive form. Forms low solubility 

compounds as pH increases. 

Affects the kidneys, central nervous 
system, red blood cells. Causes 
development issues in children. 

 

Lead mining and smelting, coal 
burning, biosolids. 

[10, 19, 
45] 

Zinc 
(Zn) 

Occurs in 0 and +2 oxidation states being the latter the 
most common. It is bioavailable at high pH. Easily 

complexes or is sorbed. 

Can cause damages to the brain, 
respiratory and gastrointestinal tracts and 

prostate cancer. 

 

Mining, waste combustion, steel 
processing, biosolids. 

[42, 46, 
47] 
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Table 2 - Selected properties of the cations in solution. 

Heavy Metal  
Ionic Radius 

/Å [48] 
Hydrated 

radius/ Å [48] 
Charge Density 
/C mm−3 [49] 

−Hydration Enthalpya 
/kJ mol−1 [50] 

Cadmium(II)  0.95 4.60 59 1807 

Copper(II)  0.73 3.92; 4.56 b 116 2100 

Lead(II)  1.19 5.08 32 1481 

Nickel(II)  0.69 4.11 134 2105 
aFor the hydration of gaseous ions; bEquatorial and axial dimensions in Jahn–Teller distorted octahedron. 

 

Because heavy metals are not degradable [9, 51], bioaccumulation and biomagnification occur 

throughout the food chain (being particularly important for humans, positioned at the top of their 

food chain), causing different diseases and poisoning [8, 9, 52]. Bioavailable and mobile forms of 

heavy metals are released by anthropogenic activities like mining, several industries, fossil fuel 

combustion and pesticide and biosolids use [8, 10, 53, 54]. Metal processing and mining contribute 

to 48% of the total release of contaminants by the European industrial sector [1]. Fertilizers 

contain, as impurities, trace amounts of heavy metals, such as Cd and Pb. In spite of being 

discontinued, some pesticides include Cu, Hg, Mn, Pb, Zn and As compounds [54]. The use of 

biosolids (manures, sewage sludge), rich in several nutrients, as fertilizers, also introduces Cd, Cr, 

Ni, Se and Mo into soils [54]. 

The distribution of heavy metals depends not only on the proximity to emission sources but 

also on the media being assessed. In ecosystems, heavy metals are found in soils (and its different 

components), sediments, water streams, air and biota, in mobile or immobilized forms, in a 

dynamic equilibrium [11, 54, 55] - Figure 3. The mass transfer between phases is controlled by 

reactions occurring with heavy metals as e.g. precipitation or dissolution, sorption by minerals or 

organic matter, ion exchange, complexation, biological fixation/mobilization, plant uptake and 

volatilization [7, 10, 55, 56].  These are affected by pH (Equation 1), temperature, amount of water, 

concentration of salts and organic matter, etc.. Soils with higher (basic) pH usually lead to the 

immobilization of heavy metals due to phenomena like adsorption or precipitation of insoluble 

salts (m=n, Equation 1) [57]. Oxides and organic matter can interact with heavy metals 

adsorbing/fixating them [55].  The dynamics of these pollutants in soils and its effect on the biota 

is further illustrated in Figure 4. Due to the aforementioned reasons, the concentration of heavy 

metals is different in soil, watercourses and river sediments. 

 

Mn+ + m OH− ⇌ M(OH)m(n−m) (1) 
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Figure 3 - Mechanisms of heavy metal cations transport through different natural media. 

 

Figure 4 - Representation of different interactions that heavy metals can suffer in the soil and the process 
of phytoremediation. Soil particles designate all solid soil constituents. 

 

Clean-up of polluted media has been widely studied and different strategies were proposed. 

In the case of aqueous media, chemical precipitation, adsorption and membrane processes can be 

employed [58] for this purpose. Strategies for this kind of medium are further discussed in Section 

2.4.. For heavy metal contaminated soils and sediments there are several traditional physical-

chemical decontamination methods [54, 59], and microbial activity and hyperaccumulator plants 

(phytoremediation, Figure 4) have also been widely discussed [60-64]. Economic viability and 

efficiency are key factors in determining the applicability of a remediation technique. 

The background concentrations of heavy metals in soils (upper crust and surface soil) and 

river water, given by world averages, are reported in Table 3.  
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Table 3 - Background concentration for heavy metals in soils and river water. 

Heavy Metal 
Upper Crusta/ mg kg−1  

[10, 65] 
Surface Soila/ mg kg−1  

[10, 65] 
River Water/ μg L−1  

[10] 

Arsenic 1.8 4.7 0.13 - 2.71 

Cadmium 0.1 0.41 0.06x10−2 - 0.61 

Chromium 35 42 0.29 - 11.46 

Copper 14 14 0.23 - 2.59 

Lead 15 25 0.007 - 308 

Mercury 0.07 0.07 -- 

Nickel 19 18 0.35 - 5.06 

Zinc 52 62 0.27 - 27 
a Whenever the background concentration was dissonant between the references, the lowest value was 
selected as a conservative approach in order to assess polluted sites. 

2.2. Legislation for Heavy Metals  

As the effects of heavy metals became better known, particularly on human health, their 

usage has become more constrained. For example, mercury, lead and cadmium were banned, 

except for very specific applications, and their emissions are monitored. The evolution of the 

relative emissions of these elements in the last three decades can be found in Figure 5, using the 

emissions of 1990 as reference. This figure shows the effected of the imposed mitigation of these 

emissions. Limits in heavy metal concentration in different media, particularly in water, have been 

defined by government agencies to minimize the exposure of ecosystems to these toxic elements. 

However, not all governments share the same level of concern for this issue and, thus, some 

countries have more legislation than others. Nevertheless, the concentration limits for pollutants 

on natural media have become stricter. For example, the European Union imposes a maximum 

concentration of 0.5 µg m−3 for lead in air [66]. 

 

Figure 5 - Evolution of the relative emissions of heavy metals across the EEA-33, indexed to 1990 [13].  
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Safe drinking water is defined by the World Health Organization (WHO) [52] as not 

representing significant health risks over a lifetime of consumption. Table 4 presents the limit 

concentration of several heavy metals in drinking water, proposed by several entities, and their 

toxicity. For the sake of simplicity, when referring to the chemical symbol of metals, all the possible 

chemical compounds with the element are included. 

 

Table 4 - Maximum concentration level (MCL) for heavy metals in drinking-water and their toxicity. 

Heavy Metal 
MCL in drinking water/ μg L−1 Toxicity/ mg kg−1 bwa 

WHOb EUc USAd Canadae Chinaf PTWIb,g LD50h 

As 10 10 10 10 10 
withdrawn 

(0.0021 dailyi) 
41.0 [67] 

Cd 3 5 5 5 5 0.025 monthly 
5.2 [68] 
88.0 [67] 

Cr 50 25 100 50 50j -- -- 

Cu 2000 2000 1300 -- 1000 0.500 dailyk 
5.6 [68] 

584.0 [67] 

Pb 10 5 15 10 10 withdrawn (0.025i) -- 

Hg 6 1 2 1 -- 0.004 
6.6 [68] 
1.0 [67] 

Ni 7 20 -- -- 20 -- -- 

Zn -- -- -- -- 1000 1.0 dailyk 20.2 [68] 
a Bodyweight; b World Health Organization [52]; c Council of the European Union [69]; d United States 
Environmental Protection Agency [70]; e Water and Air Quality Bureau - Healthy Environments and 
Consumer Safety Branch [71]; f  Ministry of Health of China [72]; g Provisional tolerable weekly intake for 
humans; h Median lethal dose values obtained in mice or rats; i Former value; j Reported as hexavalent 
chromium; k Maximum tolerable intake. 

 

From Table 4, we can verify that the values imposed by several governments are in 

accordance with the guideline values from WHO, despite the slow revisions of legislation. WHO 

hasn’t limited the concentration for zinc in its 2017 guide, as they consider that there are no health 

concerns at levels found in drinking water. The European Commission has adopted in December 

2020 a revised drinking water directive (the former is from 1998), that member states have until 

2023 to transpose, in which the latest considerations from WHO are taken into account.  

The MCL values shown in  Table 4 are very low, being just a few μg L−1 in most situations, 

evidencing the toxicity of these elements and the strictness of regulations. In fact, only copper and 

zinc are allowed to achieve a few mg L−1. Complying with these low concentrations requires the 

employment of advanced treatment technologies, if the anthropogenic sources of pollution are 

significant.  

Table 4 also shows toxicity values for the heavy metals under analysis. The Joint FAO/WHO 

Expert Committee on Food Additives - JECFA [73] proposes provisional tolerable weekly intake 

for these substances. Some of these values were withdrawn, as it was found that those 
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concentrations were not health-protective. The proposed values are all very low, evidencing the 

effects of bioaccumulation and the acute toxicity of these elements in humans. For mice or rats the 

median lethal dose values also evidences the acute toxicity of heavy metals [67, 68].  

The regulation of pollutants concentration in drinking water is without a doubt a priority for 

governments. However, a few countries also enforce maximum concentrations for these pollutants 

in irrigation water (Table 5), driven by the need to control the concentration of heavy metals in 

food. 

 

Table 5 - Recommended maximum concentration level for heavy metals in irrigation water. 

Heavy Metal 
Recommended maximum concentration level/ μg L−1 

FAO [74] Portugal [75] Canada [76] 

As 100 100 100 

Cd 10 10 5 

Cr 100 100 
8 Cr(VI) 
5 Cr(III) 

Cu 200 200 200a 

Pb 5000 5000 200 

Hg -- -- -- 

Ni 200 500 200 

Zn 2000 2000 1000 (pH<6.5) 
a Value defined for cereals; 1.0 mg L−1 for tolerant crops. 

 

It is worth noting that there is no directive defined by the European Council for the 

concentration of heavy metals in irrigation water. On the other hand, the values defined by FAO 

are just guidelines and have no legal binding.  

The limits in Table 5 are generally less strict than the ones in Table 4, and the maximum 

recommended concentration is usually one order of magnitude greater than that of drinking water. 

Exceptions to this trend are the concentrations for copper and the one enforced by Canada for 

chromium. Moreover, values for irrigation water are stricter in Canada, where chromium, copper, 

lead and zinc concentrations are lower than the ones defined by FAO. The concentration for lead 

proposed by FAO is very high given that lead is a very toxic element. However, this may be related 

to the fact that lead binds very easily with organic and colloidal matter in the soil, with only a small 

fraction of it being soluble, hence, bioavailable. Furthermore, lead uptake by plants usually occurs 

through the roots, and its uptake and translocation by aerial parts of plants is reduced [77]. 

Legislation for other contaminated media, soils and sediments, is lacking in the majority of 

countries. However, the EU and Canada have legislation on contaminants in agricultural soils, 

which is summarized in Table 6. The European limit concentration in sludges for agricultural use 

as well as the Canadian legislation and US guidelines on sediments are also presented in Table 6. 
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The maximum limits for heavy metals in agricultural soils are meant to ensure that these can 

be cultivated, and crops do not absorb an excessive amount of these pollutants, remaining therefore 

edible. The current European directive is more permissive than its Canadian counterpart. For 

sediments, only Canada defined regulations, once again very strict. On this regard, USA only 

features guidelines. 

 

Table 6 - Limit values for heavy metal concentration in agricultural soils, sludges for agricultural use and 
sediments. 

Heavy 
Metal 

Limit concentration / mg kg−1 dwa 

Agricultural soils Sludges for agriculture Sediments 

EUb 
(soil pH 6≤pH<7) 

Canadac EUb 
USA 

guidelined,e 
Canadaf,g 

As -- 12 -- 33.0 5.9 

Cd 1 - 3 1.4 20 - 40 4.98 0.6 

Cr -- 64 -- 111 37.3 

Cu 50 - 140 63 1000 - 1750 149 35.7 

Pb 50 - 300 70 750 - 1200 128 35.0 

Hg 1 - 1.5 6.6 16 - 25 1.06 0.170 

Ni 30 - 75 45 300 - 400 48.6 -- 

Zn 150 - 300 200 2500 - 4000 459 123.0 
a Dry weight; b Council of the European Communities [78]; c Canadian Council of Ministers of the 
Environment [79]; d Ingersoll et al. [80]; National Oceanic and Atmospheric Administration's Office of 
Response and Restoration [81]; e Consensus-based probable effect level; f Canadian Council of Ministers of 
the Environment [82]; g Canadian Interim Sediment Quality Guideline. 

2.3. Heavy Metal Polluted Sites 

Several authors have assessed the distribution of heavy metals on different natural media. In 

this section the focus is given to the concentration on watercourses, soils and stream sediments. 

Samples in each study were collected in different locations of the studied area and at different 

moments. Furthermore, only sites considered in the original study as inside the influence 

area/downstream of the pollution source, when discriminated, were taken into account. It should 

be noted that, due to the anthropogenic sources of pollution and possible remediation strategies 

employed, the sites assessed in the literature may feature different degrees of pollution at the 

present time. In Section 2.3.1., the studies in which heavy metals were quantified in sites affected 

by mining activities and associated ore smelting are reviewed. On the other hand, in Section 2.3.2., 

studies evaluating the content of these pollutants in sites affected by industries, mainly metallurgical 

industries, are surveyed. Although mining and smelting can also be considered industrial activities, 

in this chapter a special focus is giving to these due to their pertinence for HM pollution, by being 

discussed separately. Section 2.3.3. highlights studies where the heavy metal concentration has been 

assessed in locations with multiple sources of pollution, caused by a number of combined factors 
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not directly associated with the exploration/use of HM. In Section 2.3.4. previous studies are 

assessed for the particular case of HM pollution in Portugal. 

2.3.1. Sites Affected by Mining Activity 

The distribution of heavy metals in locations related with mining activities was investigated 

in several studies and their concentrations are summarized in Annex I: Table I. 1 and I. 2. Figure 6 

shows some photos of the studied locations. Sites of Ra mines were surveyed in Alto da Várzea 

[83] and Sra. das Fontes, Portugal [84]. In the Iberian Pyrite Belt, where Au, Zn and Pb are 

extracted, the bases of the rivers Odiel, Tinto [85] and Meca [86] were studied. Zinc-lead mines 

were studied in Assif El Mal, Morocco [87], in Rubiais, Spain [88], in Noyelles-Godault and Auby, 

Douai area, France [89, 90] and in Kosovska Mitrovica, Kosovo [91]. In the U.K., abandoned 

mines where these two heavy metals were the main product were also studied [92]. The Pribram 

region, Czech Republic, has a history of Pb and Ag extraction and processing and has been 

intensively studied [93-95]. Coal exploration sites such as the Yongding river [96], the Sidney basin 

[97] and the Qingshui river basin in Beijing [98] have also been assessed. Gold extraction sites were 

also evaluated: Anka, Nigeria [99], where artisanal mining activities occurs, and in the legacy mining 

township of Maldon, Australia [100]. The Copperbelt, at the border of DR Congo and Zambia, is 

a region that is explored for Cu and Co and has been studied by many authors [101-105]. Several 

sites surrounding mines, mainly metal mines, were studied in China [106], including in Tongling 

[107], Xikuangshan [108], Yiyang county [109],  Jishui river in Dexing [110] and Maba river in 

Shaoguan [111]. Other evaluated sites include the W mine of S. Francisco de Assis [112]; the Sør-

Varanger region [113] at the Norwegian - Russian border, an area of great Fe and Ni ore 

exploration; the Ni and Cu mining region of Sudbury [102]; northern Namibia [104], where mines 

were explored for Pb, Zn, V, Cu, Li and Ge; Adrianópolis [114], where Pb mining and processing 

have occurred for several decades; As and Pb mining and smelting communities in Armenia [115]; 

the region of Villadossola in the Italian Alps [116], explored for Fe, Ni, Cu and Co sulphides and 

the Lot river basin, France [117], where Zn ore was processed. 

To interpret the values presented in the previously mentioned studies, the relative 

concentration of heavy metals in water and the geoaccumulation index (introduced by Müller - 

Table 7) are presented in Table 8-10. In Table 8, the relative concentration of heavy metals from 

Annex I: Table I. 1 (maximum value) is compared to drinking-water (DW) and irrigation water 

(IW) standards defined by WHO and FAO, respectively. It is expected that the water from the 

evaluated watercourses is subject to treatment before being distributed to the public water supply. 

The comparison with drinking-water regulations enables one to estimate the appropriate treatment 

to be employed. In Table 9 and Table 10, the geoaccumulation index (Igeo) - Equation 2 [118] - 
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enabled to assess elemental contamination in soils/sediments of the sites surveyed in the literature. 

However, this index does not differentiate between accumulation of anthropogenic or lithogenic 

origin. As the original authors of each study seldom present Igeo, most values in Table 9 were 

calculated using the concentration in soil of Table I. 2 and the background upper crust values of 

Table 3.  

 

𝐼geo =  log2

𝐶

1.5 𝐶background
 (2) 

 

The values of Table 10 are given in each original study. 

 

Figure 6 - Photographs of some studied areas: (a) polluted streams in Yiyang; (b) mine tailing deposits in S. 
Francisco de Assis; (c) Lubumbashi river; (d) Coal mines around Qingshui River. 

 

Table 7 - Classes of the geoaccumulation index, according to Müller [118]. 

Igeo Igeo class Soil/Sediment Quality 

Igeo ≤ 0 0 Practically unpolluted 

0 < Igeo < 1 1 Unpolluted to moderately polluted 

1 < Igeo < 2 2 Moderately polluted 

2 < Igeo < 3 3 Moderately to heavily polluted 

3 < Igeo < 4 4 Heavily polluted 

4 < Igeo < 5 5 Heavily polluted to extremely polluted 

Igeo > 5 6 Extremely polluted 
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Table 8 - Comparison of water concentration against water quality standards. 

  Relative Water Concentration 

Site [Ref.] Standarda As Cd Cr Cu Pb Hg Ni Zn 

Alto da Várzea, 
Portugal  [83] 

DW 3.28 1.43 0.16 0.04 5.07 -- 1.54 -- 

IW 0.33 0.43 0.08 0.39 0.01 -- 0.05 0.01 

S. Francisco Assis, 
Portugal [112] 

DW 0.78 0.12 -- 0.01 2.31 -- -- -- 

IW 0.08 0.04 -- 0.05 0.00 -- -- 0.16 

Iberian Pyrite Belt, 
Spain [85] 

DW 360.40 706.33 7.78 111.35 160.70 -- 1955 -- 

IW 36.04 211.90 3.89 1114 0.32 -- 68.41 341.75 

Meca river, Spain 
[86] 

DW 13.00 266.67 -- 4.60 36.00 -- 31.43 -- 

IW 1.30 80.00 -- 46.00 0.07 -- 1.10 2.05 

Assif El Mal, 
Morocco [87] 

DW -- -- -- 0.66 6.40 -- 5.43 -- 

IW -- -- -- 6.60 0.01 -- 0.19 2.99 

Yongding River, 
China [96] 

DW -- -- 0.03 0.00 0.04 -- 1.14 -- 

IW -- -- 0.01 0.01 0.00 -- 0.04 0.02 

Yiyang, China [109] 
DW -- 13.33 13.20 0.05 3.00 -- 85.71 -- 

IW -- 4.00 6.60 0.45 0.01 -- 3.00 2.05 

Sidney basin, 
Australia [97] 

DW 1.00 0.07 -- 0.01 0.70 -- 31.43 -- 

IW 0.10 0.02 -- 0.07 0.00 -- 1.10 0.20 

Anka, Nigeriab [99] 
DW 1363.00 81.00 -- 0.11 15.30 -- -- -- 

IW 136.30 24.30 -- 1.05 0.03 -- -- -- 
a DW - Drinking Water; IW - Irrigation Water; b Values refer to mine discharge water. 

 

Mercury was not evaluated in the cited works and no guideline from WHO exists for zinc. 

The values from Table 8 indicate that, in all the assessed cases, the water does not meet the drinking 

water criteria defined by WHO and, in some cases, neither the maximum recommended 

concentration from FAO for irrigation water. Despite that, there are several serious cases involving 

the large majority of metals. The concentration of As in mine discharge water in Anka [99] - an 

artisanal mining exploitation - is around 1400 times greater than the MCL, followed by the water 

at Iberian Pyrite Belt (360 times higher). It should also be stressed that significant relative values 

can also be found for cadmium (Iberian Pyrite Belt’s rivers Tinto, Odiel and Meca) in relation to 

drinking water legislation. In fact, the Iberian Pyrite belt is the spot with higher concentration of 

metals, relatively to WHO’s drinking water levels. River water in Yiyang, China, is also highly 

contaminated with Cd, Cr (ca. 13 times over the MCL for drinking water) and Ni (ca. 86-fold). On 

the other hand, the highly toxic Cr shows relatively low values in all places where it was quantified.  
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Table 9 - Geoaccumulation indexes for soils affected by mines. 

 Igeo soil 

Site [Ref.] As Cd Cr Cu Pb Hg Ni Zn 

Alto da Várzea, 
Portugala [83] 

4.65 - 
5.59 

-- 
−3.87 - 
−1.22 

−1.04 -  
−0.24 

−0.40 - 
0.82 

-- 
−3.07 - 
−2.11 

<0.85 

Senhora das Fontes, 
Portugala [84] 

4.24 - 
7.12 

< 4.74 
−2.32 - 

0.83 
< 2.13 

−1.03 - 
1.12 

-- 
−1.55 - 

2.06 
−3.18 - 

1.04 

S. Francisco Assis, 
Portugala [112] 

6.37 3.12 −0.47 2.96 1.38 -- −0.21 2.05 

Rubiais, Spaina [88] -- 
3.74 - 
9.31 

−4.13 - 
−1.32 

0 - 2.93 
1.03 - 
8.08 

0.93 - 
7.88 

−2.51 - 
0.52 

2.12 - 
9.38 

United Kingdoma [92] -- <11.18 -- 
0.12 - 
1.88 

3.95 - 
10.89 

-- -- 
2.04 - 
9.42 

Douai, Francea [89] -- 
−1.74 - 
10.99 

-- -- 
−1.53 -

7.91 
-- -- 

−1.38 - 
8.64 

Cultivated soils Douai, 
Francea [90] 

1.20 -
3.43 

3.63 - 
7.15 

−0.59 - 
0.40 

−0.44 - 
1.14 

2.17 - 
5.65 

0.19 - 
2.63 

−1.57 - 
0.47 

0.94 - 
4.80 

Litavka River valley, 
Czech Republica [93] 

-- 
4.32 - 
8.81 

-- -- 
−0.58 - 

7.71 
-- -- 

2.09 - 
6.81 

Pribram, Czech 
Republica [94] 

5.54 - 
6.54 

−0.32 -
6.31 

-- 
2.32 - 
4.54 

5.38 - 
10.65 

-- -- 
−2.30 - 

2.73 

Pribram, Czech 
Republica [95] 

5.41 - 
6.24 

4.22 - 
8.18 

-- 
−0.81 - 

2.80 
3.36 -
7.69 

-- -- 
1.69 - 
6.20 

Sør-Varanger, Norwaya 

[113] 

−2.17 - 
2.19 

−0.58 - 
4.27 

−3.36 - 
0.12 

−1.08 - 
5.74 

−2.09 - 
2.66 

-- 
−1.68 - 

6.03 
−2.40 - 

3.39 

Kosovska Mitrovica, 
Kosovoa [91] 

−0.36 - 
10.50 

−0.58 - 
8.29 

−2.91 - 
4.39 

−1.22 - 
6.25 

0.60 - 
10.60 

−2.39 - 
6.71 

−1.91 - 
6.51 

−1.29 - 
7.27 

Assif El Mal, Moroccoa 

[87] 
-- -- -- 

1.36 - 
2.48 

1.72 - 
2.88 

-- 
−2.57 - 
−0.88 

2.77 - 
4.71 

Kolwezi, DR Congo 
[101] 

−0.3 - 
4.5 

-- -- 
9.8 - 
19.8 

6.3 - 
13.9 

-- 
6.3 - 
13.4 

10.3 - 
18.9 

Lubumbashi, DR 
Congoa [102] 

2.89 - 
5.23 

2.58 - 
7.04 

-- 
9.11 -
9.40 

−0.10 - 
5.17 

-- 
−2.25 - 

0.23 
1.19 - 
4.00 

Lubumbashi, DR 
Congo [103] 

4.5 - 6.0 -- -- 
10.3 - 
11.5 

9.0 - 
10.3 

-- 5.1 - 6.5 
10.5 - 
13.2 

Copperbelt Province, 
Zambiaa [104] 

−1.67 - 
4.98 

−2.91 - 
3.06 

-- 
−2.86 --

10.81 
−2.93 - 

4.22 
−4.25 - 

1.89 
-- 

−2.72 - 
2.82 

Copperbelt Province, 
Zambiaa [105] 

<6.56 -- 
−5.04 - 

3.50 
−1.81 - 
10.96 

<4.48 
−5.71 - 

2.07 
<2.21 <2.53 

Northern Namibiaa 

[104] 
−1.52 - 

9.78 
−0.45 - 
11.73 

-- 
−2.77 - 

7.89 
−1.29 - 

8.50 
−4.79 - 

5.39 
-- 

−2.84 - 
6.96 

Sudbury, Canadaa [102] 
−0.43 - 

4.09 
1.00 - 
3.74 

-- 
1.31 - 
5.98 

−0.32 - 
2.97 

-- 
0.92 - 
5.81 

−1.29 - 
0.14 

Tongling, Chinaa [107] -- 
2.98 - 
7.44 

−0.89 - 
1.56 

1.26 - 
5.23 

0.88 - 
3.91 

-- 
−1.76 - 

0.39 
0.16 - 
3.28 

Xikuangshan, Chinaa 

[108] 
1.05 - 
7.03 

−0.58 - 
9.77 

-- 
−1.18 - 

4.07 
−2.45 - 

4.86 
-- -- 

−0.59 - 
6.03 

Beijing, China [98] -- 0.4 - 3 
−1.7 -  
−0.3 

−1.0 - 
0.2 

−1.1 - 
2.1 

-- 
−1.1 - 

0.5 
−1.2 -  
−0.3 

Dexing, Chinaa [110] 
1.89 - 
6.28 

1.74 - 
4.12 

0.19 - 
0.86 

0.47 - 
4.35 

0.83 - 
4.58 

-- 
−0.51 - 

0.90 
−0.10 - 

2.53 

Yiyang, Chinaa [109] -- 
1.42 - 
6.14 

−1.18 - 
0.07 

0.09 -
3.36 

−0.03 - 
1.73 

-- 
−1.02 - 

0.50 
0.23 - 
2.63 

a Values calculated based on the concentration reported in the original research and the average upper crust 
concentration (Table 3). 
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Table 9 - Geoaccumulation indexes for soils affected by mines (concluded). 

 Igeo soil 

Site [Ref.] As Cd Cr Cu Pb Hg Ni Zn 

China [106] 
−5.70 - 

6.06 
(~1.0) 

−1.41 - 
8.85 

(~4.0) 

−4.70 - 
1.24  

(~−0.5) 

−7.36 - 
6.54 

(~1.2) 

−2.55 - 
7.36 

(~2.0) 

−1.71 - 
9.05 

(~1.8) 

−1.34 - 
4.0 

(~0.5) 

−3.59 - 
7.68 

(~1.2) 

Maldon, 
Australiaa [100] 

2.81 - 
6.10 

−2.32 - 
1.30 

−1.19 - 
0.12 

−0.58 - 
1.49 

−0.91 - 
1.76 

−0.07 - 
6.42 

−2.03 - 
−0.31 

−1.83 - 
2.07 

Adrianópolis, 
Brazila [114] 

-- 
3.66 - 
7.20 

−2.56 -  
−0.92 

1.44 - 
5.41 

3.38 - 
8.75 

-- 
−0.79 - 

0.43 
0.45 - 
3.52 

Alaverdi, 
Armeniaa [115] 

3.15 - 
8.62 

-- -- -- 
−1.32 - 

7.36 
-- -- -- 

Akhtala, 
Armeniaa [115] 

1.74 - 
6.68 

-- -- -- 
−0.58 - 

9.12 
-- -- -- 

Villadossola, 
Italya [116] 

0.97 - 
1.18 

1.00 - 
3.12 

−0.25 - 
0.94 

0.42 - 
1.78 

0.51 - 
2.03 

-- 
0.34 - 
0.63 

−0.58 - 
0.88 

a Values calculated based on the concentration reported in the original research and the average upper crust 
concentration (Table 3). 

 

The values from Table 9 confirm that the soils surrounding the studied mines are very 

polluted - most maximum Igeo values reveal heavy or extreme pollution. However, the spatial 

distribution of heavy metals in those sites is very uneven. It is worth noting that in some cases the 

area under study is vast. The elements being explored at the site are present in high concentrations 

in the soil, as expected. The Igeo reveals that the most polluted sites, with a majority of the quantified 

metals causing extreme pollution, are the old mine sites in U.K., Pribram, Kosovska Mitrovica, 

Kolwezi, Lubumbashi, northern Namibia, Xikuangshan and the two mining regions of Armenia. 

The analysis of the studies at the Douai smelter reveals that the pollution effectively spreads to the 

surrounding cultivated soils. Surrounding the smelter, the soils are extremely polluted with Cd, Pb 

and Zn, a trend that is also verified in the agricultural soils nearby. The latter, are also moderately 

to heavily polluted with Hg and heavily polluted with As. The various mine sites studied in China 

[106] show uncontaminated locations within the studied areas, as well as areas where extreme 

pollution is found, with the exception of Cr and Ni. This is the result of uncontaminated sample 

collection locations in the study area and the very different mining areas under analysis.  

The Igeo values for sediments shown in Table 10 are much lower than those found on Table 

9. However, the pollution found in sediments follows the trend of soil. Lead pollution is more 

significant in sediments than in soils from Sra. das Fontes and river water from Yongding and 

Maba rivers. It seems that these sediments tend to preferably bind Pb. In the Lot River, heavy 

metal pollution in sediments is of at least class 4, according to Müller’s classification - Table 7, with 

copper being the exception.  
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Table 10 - Geoaccumulation indexes for sediments in sites affected by mines. 

 Igeo sediments 

Site [Ref.] As Cd Cr Cu Pb Hg Ni Zn 

Alto da Várzea, 
Portugal [83] 

2 - 6 -- 0 - 1 0 0 - 2 -- 0 0 

Senhora das Fontes, 
Portugal [84] 

2 - 4 -- 0 - 1 0 - 1 0 - 2 -- 0 - 1 0 - 1 

Lot River, France [117] -- 
−1.0 - 

8.0 
-- 

−1.0 - 
2.5 

−1.0 - 
4.2 

-- -- 
−1.0 - 

5.6 

Yongding River, China 
[96] 

-- -- 
−1.67 - 

0.04 
−1.80 - 

0.24 
−1.17 - 

1.88 
-- 

−1.69 - 
0.81 

−1.06 - 
0.62 

Maba river,  
China [111] 

0.66 - 
6.36 

2.90 - 
8.34 

−1.0 - 
0.0 

−0.58 - 
5.01 

−0.56 - 
4.96 

2.23 - 
5.56 

−0.6 - 1 
0.09 - 
5.62 

Kolwezi, DR Congo 
[101] 

−0.5 - 
5.1 

-- -- 
10.9 - 
21.7 

6.4 - 
13.5 

-- 
5.6 - 
11.4 

10.3 - 
13.8 

Lubumbashi, DR 
Congo [103] 

-- -- -- 
9.8 - 
12.3 

8.3 - 
15.6 

-- 5.2 - 7.6 
10.8 - 
15.8 

Anka, Nigeriaa [99] 2.63 -- 0.62 2.29 3.67 -- -- -- 
a Values refer to mine sediments. 

 

From the analysis of the referred works, I observe that mining activities release significant 

amounts of heavy metals to the environment, polluting the surrounding areas. In some cases, a 

mixture of different elements is found together in the extracted ores. Soils and surface sediments 

reveal extreme pollution in many cases and, in general, they are significantly polluted. These contain 

oxides and hydroxides, clays and organic matter in their compositions, which are able to bind 

cations, retaining the heavy metal contaminants. It can also be concluded that pollutants do not 

diffuse quickly to the surrounding areas, which is also dependent on the size of the study site. Water 

from watercourses can also be very polluted due to these activities. In spite of more water quality 

regulations being enforced, and wastewaters being treated, there are still sites whose river water is 

very contaminated and inappropriate for irrigation or human consumption.  

2.3.2. Sites Affected by Industrial Activity  

In this section, studies assessing the heavy metal loadings of the surrounding areas of 

industrial facilities and complexes are surveyed. Table I. 3  and Table I. 4  in Annex I show the 

concentrations of heavy metals found in the referred literature. Table 11 summarizes the 

concentration of heavy metals in selected industrial wastewaters.  

The distribution of heavy metals in locations affected by different kinds of industrial facilities 

were reviewed, with particular importance being given to metallurgical plants. In Portugal, the 

Esmoriz-Paramos lagoon [119] and the Estarreja chemical complex [120, 121] were assessed. In 

the U.K. the surroundings of a Pb-Zn smelter in Avenmouth [92] and in Prescot [122], where a Cu 

rod-dolling plant is operating, were studied. In Spain the industrialized city of Huelva [123] was 
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studied and in Bazoches-les Gallérandes, France, the surroundings of a Pb-recycling plant were 

assessed [124]. Sites of several industrial areas in Vojvodina [125] and Smederevo [126], Serbia, 

were evaluated. In Veles, Macedonia, the surroundings of a deactivated Pb and Zn smelter plant 

was studied [127]. The pollution of two industrialized cities in China, Wuxi [128] and Yixing [129], 

was assessed, as well as the contamination caused by former metallurgical complexes in South 

Korea [130] and Monterey, Mexico [131].  

In a similar way, several authors have studied the heavy metal content in water streams that 

receive wastewaters and provide drinking water for populations. These can receive large amounts 

of industrial - metallurgical, petrochemical, oil industries and dyeing, agricultural and domestic 

effluents, sometimes untreated. In the case of the site analyzed in Taiwan [132], effluent discharges 

are also from technological and science parks, hospitals and original equipment manufacturers.  

The composition of reported industrial effluents [132-145], summarized in Table 11, come 

from industries including dyeing, electroplating, rolling and pickling, and steel processing. In some 

of the aforementioned works, the effects of applying these wastewaters for the irrigation of crops 

were evaluated. 

Table 11 reveals that most effluents are not treated and the discharged wastewaters feature 

high concentrations of heavy metals. This is particularly noticeable in some electroplating 

wastewaters [133-136], in some industrialized areas [137-139] and even in wastewaters used for 

irrigation [145]. The receiving media are not likely able to accommodate the continuous discharge 

and as such, become contaminated. This is very relevant when the receiving media are rivers, which 

provide drinking water to populations and irrigation water for crops, or soils that accumulate the 

contaminants input. In Jiangsu [133] and in Delhi [139], the high concentration of heavy metals in 

discharged wastewaters leads to dangerous high concentrations in the receiving media. In Titagarh 

[145], the use of wastewaters as irrigation waters causes heavy pollution of the soils. The issue of 

poorly treated effluents calls for more environmental policies and regulation enforcement and 

supervision by the governments.  

Table 12 presents the relative heavy metal concentration in the evaluated watercourses and 

Table 13 shows the Igeo for soils and sediments. Mercury was not assessed in the watercourses of 

Table 12. 
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Table 11 - Heavy metal concentration in wastewaters from selected industries. 

 Concentration In Wastewater / mg L−1 

Site [Ref.] As Cd Cr Cu Pb Hg Ni Zn 

Electroplating 
wastewater [133] 

-- b.d.l. 28.1 6.40 b.d.l. -- 9.73 1.34 

Electroplating 
wastewater [140] 

-- -- 0.06a 0.26 -- -- 0.06 0.008 

Electroplating 
wastewaters [134] 

-- -- 2.6 - 6.0 
2157.3 - 
15560.3 

-- -- 
40.8 - 
245.4 

2.1 - 
12.5 

Electroplating 
wastewater [141] 

-- 
0.011 - 
0.015 

0.073 - 
0.113 

-- -- -- 
0.904 - 
0.966 

4.55 - 
4.97 

Electroplating 
wastewater [135] 

-- -- 35.9 3.2 8.6 -- 1.3 505.0 

Electroplating 
wastewater for Cu(II) 

[136] 
-- -- -- 43.3 -- -- 11.7 -- 

Raw wastewater from 
engineering plant [137] 

-- -- 1779.8 79.8 0.4 -- -- 38.43 

Industrial wastewaters 
[138] 

-- 0.1 - 0.9 1.9 - 3.9 1.9 - 6.7 0.3 - 0.9 -- 
1.4 - 
4.4 

-- 

Chlor-alkali industry 
wastewater for Hg(II) 

[136] 
-- 0.6 -- -- 3.2 9.9 -- -- 

Delhi industrial area 
[139] 

-- 
b.d.l. - 

0.9 
b.d.l. - 

319 
b.d.l. - 48 

b.d.l. - 
326 

-- 
b.d.l. -

40 
b.d.l. - 

16 

Industries from Ondo, 
Nigeria [142] 

b.d.l. - 
1.23 

b.d.l. 
b.d.l. - 
0.04 

b.d.l. - 
0.044 

b.d.l. 
b.d.l. - 
3.00 

b.d.l. - 
1.20 

b.d.l. 

Discharges to Ismailia 
Canal, Egypt [143] 

-- 
0.017 - 
0.026 

-- 
0.035 - 
0.042 

-- -- 
0.021 - 
0.027 

0.053 - 
0.060 

Taichung industrial 
and technological 

parks, Taiwan [132] 
-- 

b.d.l. - 
0.0008 

b.d.l. - 
0.030 

b.d.l. - 
0.721 

b.d.l. - 
0.0004 

-- 
b.d.l. - 
0.295 

b.d.l. - 
0.255 

Wastewater used in 
irrigation [144] 

-- 
b.d.l. - 
0.23 

b.d.l.  - 
0.82 

b.d.l. - 
1.54 

b.d.l.  - 
0.37 

-- 
b.d.l.  - 

0.37 
b.d.l.  - 

1.25 

Wastewater used in 
irrigation [145] 

-- 
b.d.l.  - 

0.06 
b.d.l.  - 

0.81 
0.07 - 6.30 

b.d.l.  - 
7.50 

-- 
b.d.l.  - 

4.20 
0.21 - 
4.30 

b.d.l. - below detection limit; a Defined as Cr(VI) content. 
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Table 12 - Comparison of water concentration against water quality standards in watercourses affected by 
industrial activities.  

  Relative Water Concentration 

Site [Ref.] Standarda As Cd Cr Cu Pb Hg Ni Zn 

Esmoriz-Paramos 
lagoon, Portugal [119] 

DW -- -- 0.00 0.02 3.80 -- -- -- 

IW -- -- 0.00 0.15 0.01 -- -- 0.35 

Tigris river, Turkey 
[146] 

DW -- 0.00 -- 0.05 0.00 -- 57.14 -- 

IW -- 0.00 -- 0.46 0.00 -- 2.00 0.07 

Karoon river, Iran [147] 
DW -- -- 2.37 0.04 -- -- 17.43 -- 

IW -- -- 1.18 0.35 -- -- 0.61 -- 

Khoshk river, Iran [148] 
DW -- 60.00 11.00 0.03 13.00 -- 28.57 -- 

IW -- 18.00 5.50 0.30 0.03 -- 1.00 1.37 

Yamuna river, India 
[149] 

DW -- 6.67 0.16 -- -- -- 30.00 -- 

IW -- 2.00 0.08 -- -- -- 1.05 -- 

Yamuna river, India 
[150] 

DW -- 144.33 39.66 8.82 111.21 -- 392.59 -- 

IW -- 43.30 19.83 88.21 0.22 -- 13.74 14.26 

Yamuna river, India 
[139] 

DW -- 66.67 2.20 0.08 36.00 -- 151.43 -- 

IW -- 20.00 1.10 0.75 0.07 -- 5.30 0.06 

Patancheru, India [151] 
DW 11.65 -- 0.94 -- 1.38 -- 7.73 -- 

IW 1.17 -- 0.47 -- 0.00 -- 0.27 0.18 

Kasimpur, India [152] 
DW -- -- 2.00 0.43 -- -- 1.71 -- 

IW -- -- 1.00 4.30 -- -- 0.06 0.15 

Gomti river, India [153] 
DW -- 0.00 6.32 0.02 8.60 -- 26.57 -- 

IW -- 0.00 3.16 0.23 0.02 -- 0.93 0.08 

Gomti river, India [154] 
DW -- 0.00 0.11 0.00 3.90 -- 2.43 -- 

IW -- 0.00 0.06 0.00 0.01 -- 0.09 0.02 

Karnaphuli River, 
Bangladesh [155] 

DW 5.39 6.11 2.25 -- 2.75 -- -- -- 

IW 0.54 1.83 1.12 -- 0.01 -- -- -- 

The Luan River Basin, 
China [156] 

DW -- 0.37 1.79 0.01 1.51 -- 1.99 -- 

IW -- 0.11 0.89 0.15 0.00 -- 0.07 0.09 

Jiangsu, China [133] 
DW -- -- 17.08 2.25 -- -- 542.86 -- 

IW -- -- 8.54 22.50 -- -- 19.00 0.18 

Taichung, Taiwan [132] 
DW -- 0.00 1.05 0.03 0.04 -- 4.71 -- 

IW -- 0.00 0.52 0.31 0.00 -- 0.17 0.01 

a DW - Drinking Water; IW - Irrigation Water. 
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Table 13 - Geoaccumulation indexes for soils and sediments affected by industrial activities. 

 Igeo soil 

Site [Ref.] As Cd Cr Cu Pb Hg Ni Zn 

Estarrejaa, Portugal 
[120] 

9.17 2.87 −5.45 2.66 3.59 10.02 −4.15 1.09 

Estarrejaa, Portugal 
[121] 

0.10 - 
7.62 

-- -- -- -- 
−1.81 - 

7.02 
-- 

−2.29 - 
1.35 

Huelvaa, Spain [123] 
1.72 - 
9.58 

0.09 - 
6.94 

−3.01 - 
1.09 

3.68 - 
8.90 

1.61 - 
7.93 

-- 
−2.25 - 

0.77 
−0.06 - 

5.92 

Bazoches-les 
Gallérandesa, France 

[124] 

0.16 - 
3.38 

-- 
−1.76 - 

0.82 
−2.41 - 

0.70 
−2.65 - 

6.42 
-- 

−1.94 - 
0.52 

−3.29 - 
0.16 

Avenmoutha, U.K. [92] -- 8.51 -- 2.94 6.27 -- -- 5.54 

Prescota, United 
Kingdom [122] 

2.74 - 
5.73 

4.74 - 
8.20 

-- 
3.13 - 
5.74 

3.79 -
4.68 

-- -- 
0.24 - 
1.17 

Vojvodinaa, Serbia 
[125] 

−0.51 - 
3.09 

0.26 - 
2.24 

−2.25 - 
1.89 

−1.69 - 
2.74 

−1.49 - 
1.64 

−2.39 - 
2.34 

−2.25 - 
1.10 

−1.96 - 
3.30 

Smederevoa, Serbia 
[126] 

-- 
0.55 - 
4.94 

−12.36 - 
1.13 

−1.56 - 
3.12 

−0.17 - 
2.64 

-- 
0.49 - 
2.58 

−3.22 - 
0.94 

Velesa, Macedonia 
[127] 

−1.05 - 
5.35 

1.00 - 
11.97 

−1.63 - 
5.10 

−0.93 - 
6.34 

−0.79 - 
9.38 

−3.39 - 
6.84 

−1.96 - 
4.40 

−1.83 - 
8.44 

Varanasia, India [144] -- 
1.87 - 
5.88 

−1.97 - 
3.69 

−3.04 - 
3.28 

−5.61 - 
0.98 

-- 
−3.83 - 

0.27 
−2.45 - 

2.31 

Titagarha, India [145] -- 
7.21 - 
8.41 

1.17 - 
1.86 

0.07 - 
2.99 

2.14 - 
2.90 

-- 
0.65 - 
2.23 

1.22 - 
1.87 

Wuxia, China [128] 
1.87 - 
3.03 

−5.64 - 
1.30 

−0.99 - 
0.87 

0.35 - 
2.85 

−0.40 - 
2.85 

−0.67 - 
1.34 

-- 
−1.39 - 

2.51 

Yixinga, China [129] -- 
−0.74 - 

1.30 
−0.28 - 

0.37 
−0.46 - 

0.86 
0.66 - 
1.25 

-- -- -- 

South Koreaa [130] 
5.56 - 
14.62 

-- -- 
2.08 - 
10.38 

3.05 - 
12.41 

-- -- 
3.33 - 
5.67 

Montereya, Mexico 
[131] 

5.40 - 
11.13 

<11.16 -- <5.11 
3.24 - 
10.45 

-- -- 
2.05 - 
7.30 

 Igeo sediments 

Khoshk river, Iran 
[148] 

-- 
−2.1 - 
2.15 

0.1 - 1.25 
0.4 - 
2.05 

2.1 - 4.8 -- 
0.10 - 
0.48 

0.24 - 
1.8 

Karnaphuli River, 
Bangladesh [155] 

6.3 - 8.3 
−3.0 - 
−0.49 

11.1 - 
13.2 

-- 
8.0 - 
10.0 

-- -- -- 

The Luan River Basin, 
China [156] 

-- 
0.17 - 

3.1 
0.2 

−3.0 - 
0.8 

−1.4 - 
0.9 

-- 
−2.9 - 

1.0 
−0.9 - 

1.4 
a Values calculated based on the concentration reported in the original research and the average upper crust 

concentration (Table 3). 

 

Table 12 shows that the analyzed water does not meet, in many situations, the criteria for 

drinking water or even irrigation water. Cd, Cr and Ni are very relevant in these watercourses. The 

Yamuna river is the most contaminated watercourse in Table 12. It can be seen that the 

concentrations of heavy metal cations are quite high; for example, for Cd and Pb it can reach values 

higher than 100 times the drinking water limit and almost 400 times higher for Ni. The drinking 

water guideline is also largely exceeded in the Khoshk river and in Jiangsu by at least two orders of 

magnitude. In fact, Ni concentration found in Jiangsu is 543-fold that of the limit.  
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The soils in the sites summarized in Table 13 feature significant contamination of heavy 

metals. Similarly to Table 9, the minimum Igeo reveals the existence of uncontaminated sites within 

the studied area. However, in this table, this value can also reveal cases of severe pollution [130, 

131, 145]. The most polluted soils are found in Huelva, Avenmouth, Prescot, Veles, South Korea 

and Monterey, showing that the problem is not specific for a given country. Some of the maximum 

Igeo values in these locations are twice the value used to define extreme pollution, revealing serious 

pollution. Chromium is not very relevant in the reported sites, with the exception of Veles and 

Varanasi. On the other hand, Hg concentration in soils is more relevant, causing extreme pollution 

in Estarreja and Veles. As, Cd, Cu, Pb and Zn are also shown to cause significant levels of pollution 

in many of the sites under focus. These results reveal that remediation is mandatory in places where 

metallurgical industries are located. 

In terms of sediment contamination, Karnaphuli River is the most polluted out of Table 13. 

In this river, extreme pollution is caused by all quantified elements with the exception of cadmium. 

In the Khoshk river, pollution is mainly due to Pb, being Cd and Cu also significant. In contrast, 

the sediments from the Luan River Basin do not feature relevant pollution, except in the case of 

Cd. 

2.3.3. Other Sites 

In this section, the distribution of heavy metals in locations where the heavy metal pollution 

cannot be attributed to a single source, hence existing multiple sources of heavy metal pollution. 

Table I. 5 and I. 6 in Annex I show the concentrations of heavy metals found in each cited study.  

The pollution in watercourses and their sediments was evaluated in: Dil Deresi, a small 

stream that flows into Izmit bay, Turkey [157]; Tembi River, Iran [158]; Zarrin-Gol River, Iran 

[159]; Korotoa river, Bangladesh [160]; Songhua river, China [161]; and Monte Alegro watercourse 

in Ribeirão Preto, Brazil [162]. The pollution in these locations is described as due to a variety of 

factors including industrial, domestic and hospital wastewaters, agriculture and runoffs from 

landfills. In a similar way, the sediments of the Gulf of Taranto, Italy [163] were also analyzed, 

which receive pollutants from steel industries, oil refineries and the region’s rivers.  

In Alicante, Spain, the heavy metal content of agricultural soils was evaluated [164, 165]. 

Similarly, several cities in China were evaluated with the same purpose by Chen et al. [166], who 

studied Xi’an city, and by Cheng et al. [167] who surveyed 31 metropolises. The sources of pollution 

were natural sources but also traffic and industrial activities.  

Table 14 presents the relative heavy metal concentration in the evaluated watercourses and 

Table 15 presents the Igeo for soils and sediments. 
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Table 14 - Comparison of water concentration against water quality standards in watercourses of sites 
affected by several sources of pollution.  

  Relative Water Concentration 

Site [Ref.] Standarda As Cd Cr Cu Pb Hg Ni Zn 

Dil Deresi, Turkey [157] 
DW 29.00 5.00 2.20 0.05 37.00 -- -- -- 

IW 2.90 1.50 1.10 0.47 0.07 -- -- 2.05 

Tembi river, Iran [158] 
DW -- 116.67 11.60 0.36 191.00 -- 118.57 -- 

IW -- 35.00 5.80 3.55 0.38 -- 4.15 0.26 

Korotoa river, Bangladesh 
[160] 

DW 9.20 7.33 2.52 0.06 6.40 -- 10.14 -- 

IW 0.92 2.20 1.26 0.60 0.01 -- 0.36 -- 

Songhua river, China [161] 
DW 0.38 -- 0.36 0.02 2.80 -- -- -- 

IW 0.04 -- 0.18 0.19 0.01 -- -- 0.20 

Monte Alegro 
watercourse, Brazil [162] 

DW -- 0.02 0.01 0.00 1.88 -- -- -- 

IW -- 0.01 0.01 0.03 0.00 -- -- 0.01 

a DW - Drinking Water; IW - Irrigation Water. 

 

Table 14 clearly shows that on these sites the pollution in watercourses is significant. Despite 

not being affected by a single source of pollution, several anthropogenic factors, like agriculture, 

industries and road traffic can end up creating significant pollution in water. Tembi river features 

the most polluted waters, with Cd, Pb and Ni concentrations being 100 times over the limit for 

drinking-water. The concentration in Dil and Korotoa river, also exceeds the drinking water limit 

by up to one order of magnitude depending on the cation. In Songhua river and Monte Alegro 

watercourse, heavy metal contamination is not relevant.  

The Igeo values reported in Table 15 reveal that, in contrast with the conclusions of sections 

2.3.1. and 2.3.2., the soils are not significantly polluted. This is due to the lack of a major source of 

heavy metal pollution. In the Alicante region [164, 165], for example, only Cd pollution is relevant. 

As the studied area covers agricultural soils, the Cd contamination is most likely due to fertilizers. 

In China, soil pollution is greater and relevant: in Xi’an city all quantified elements reveal relevant 

pollution and in China’s metropolises [167] Cd, Pb and Hg are the most significant. 

The geoaccumulation index for sediments in Table 15 reveals two contrasting situations: 

Korotoa river is relevantly polluted for all quantified elements, while in Zarrin-Gol River and the 

Gulf of Taranto, the sediments are not polluted regarding the quantified elements. 
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Table 15 - Geoaccumulation indexes for soils and sediments in sites affected by several sources of pollution. 

 Igeo soil 

Site [Ref.] As Cd Cr Cu Pb Hg Ni Zn 

Segura river valleya, 
Spain [164] 

-- 
0.00 - 
2.55 

−1.32 - 
0.30 

−0.38 - 
0.54 

−1.34 - 
0.62 

-- 
−0.80 - 

0.17 
−1.22 - 

0.05 

Alicantea, Spain 
[165] 

-- 1.18 −0.99 0.10 0.02 -- −0.45 −0.56 

Xi’an citya, China 
[166] 

0.20 - 
2.43 

-- -- 
0.01 - 
2.02 

−0.18 - 
2.80 

-- 
−0.54 - 

1.58 
−0.52 - 

2.58 

China [167] 
−1.05 - 

0.27 
−0.59 - 

2.90 
−1.12 - 
−0.02 

−0.53 - 
0.63 

−0.78 - 
1.59 

−0.75 - 
3.13 

−1.18 - 
−0.11 

−0.97 - 
0.68 

 Igeo sediments 

Gulf of Taranto, 
Italy [163] 

-- -- <0 <0 <0 -- <0 <0 

Korotoa river, 
Bangladesh [160] 

−1.2 - 
3.1 

0.51 - 
3.9 

0.39 - 2.1 
−0.53 - 

1.2 
0.72 - 

1.9 
-- 

−0.42 - 
1.7 

-- 

Zarrin-Gol River, 
Iran [159] 

−0.87 - 
0.62 

-- 
−2.15 - 
−1.43 

-- -- -- 
−3.34 - 
−2.79 

−2.44 - 
−1.84 

a Values calculated based on the concentration reported in the original research and the average upper crust 

concentration (Table 3). 

 

2.3.4. Portugal 

With the intent of giving particular focus to the pollution found nationally, in this section 

the previously discussed studies performed in Portugal are recompiled. Studies on national sites are 

scarce and focused on some specific, more problematic sites: Estarreja [120, 121] and Esmoriz-

Paramos lagoon [119] - industrial sites; Alto da Várzea [83], Senhora das Fontes [84] and S. 

Francisco de Assis [112] - mine sites. The highest concentration of these metals, for soils and water, 

and the study sites’ location are illustrated in Figure 7. 

As discussed previously, and as is highlighted in Figure 7, the sites studied in the literature 

reveal extensive pollution levels for several heavy metals. Arsenic and zinc in soils are very relevant 

in these locations as is zinc in water. However, for water, lead is most worrying, due to its low 

maximum accepted concentration. It can be concluded that the wastes from the mining and 

industrial activities are significant and pollute the surrounding areas for long periods of time.  
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Figure 7 - Distribution of the heavy metals in Iberian Peninsula (a) in soils (quantities in mg kg−1) and (b) in 
water (quantities in μg L−1).  

2.4. Techniques for Removal of Heavy Metals from 

Aqueous Media 

Getting clean drinking water is essential and so water purification has been implemented by 

humans since ancient times [168]. The people settled in the Indus river valley (as early as 5500 

BCE) filtered water with charcoal and used alum for purification. Ancient Egyptians also applied 

alum and used seeds from Moringa oleifera to purify water. In Ancient Greece, Hippocrates designed 

the so-called Hippocratic sleeve and Aristotle experimented with wax as a filter and proposed 

distillation to obtain clean water [168]. Recently, the discovery of zeolites in a reservoir in Tikal, a 

Maya city, presents evidence for the oldest zeolite water purification system, functional ~2200 years 

ago [169]. The authors concluded that the zeolites were deliberated brought to the city and placed 

in the reservoir to form a water purification system that had to be replaced following floods.  

In addition, in order to comply with regulations, wastewaters and water destined for human 

consumption have to be treated. Removal of heavy metals from these can be achieved by several 

processes, from the most simple - chemical precipitation, to highly efficient membrane or 

electrochemical processes.  

Section 2.4.1. presents an overview on the different processes used to remove heavy metals 

from liquid media. A schematic representation of each of these processes is presented in Figure 8. 

Section 2.4.2. discusses the suitability of the techniques described, given the values presented in 

Section 2.3..  



2. Heavy Metals in the Environment 

 31 

2.4.1. Overview of Heavy Metal Removal Techniques 

Different strategies used to remove heavy metal cations from liquid media are briefly 

discussed in this section. Table 16 summarizes the advantages and disadvantages of different 

processes. 

Chemical precipitation is the most employed strategy and is the simplest [58, 170]. By adding 

a precipitation agent to the effluent, the cations react to form insoluble species that precipitate 

from solution. Typically, this occurs by hydroxide precipitation, using agents like lime to raise the 

effluent’s pH. Metal hydroxides are amphoteric, so their solubility increases at low and high pH 

values. As a result, each ion has its own optimal pH for precipitation, value at which other salts can 

become more soluble. For practical purposes, the optimum pH range for the precipitation of all 

metals is 8.5-9. Sulfides can also be used as precipitation agents (e.g. pyrite), as the metal sulfides 

have lower solubility than the corresponding metal hydroxides. In this case, the dissolution of the 

sulfide agent generates H2S and the metal cations precipitate at acidic conditions. Neutralizing the 

medium to avoid exposure to the toxic H2S is crucial [58, 170, 171]. The precipitates are separated 

by filtration or sedimentation. Chemical precipitation generates a large volume of sludges (metal 

hydroxide sludges are considered low density sludges), with costly treatment and disposal. Besides, 

this method leads to higher concentration of salts in the wastewater which does not meet the 

criteria for its disposal [58, 170-172]. Coagulation and precipitation agents can be simultaneously 

used to enhance the treatment efficiency [58]. SUEZ’s sells commercial polymer precipitation 

agents as the  MetClear product line [173]. 

Coagulation and flocculation can also be employed to remove heavy metals as well as 

suspended matter [58, 170, 174]. Adding coagulants like aluminum or ferrous sulfate, leads to the 

destabilization of colloids into aggregates. Flocculation uses polyelectrolytes to bind particles into 

large agglomerates. Widely used flocculants include polyferric sulfate, aluminum sulfate and 

polyacrylamide. The agglomerates can afterwards be removed by sedimentation and filtration. 

Membrane filtration technologies can also be employed to remove heavy metals [58, 170, 

175]. Ultrafiltration (UF) membranes have pores larger than hydrated cations and low molecular 

weight solutes. Thus, to retain dissolved heavy metals, surfactant micelles that bind to cations or 

polymers that form complexes with them are added to the effluent, producing structures that are 

retained by the membrane [58, 170, 175-178]. Nanofiltration (NF) can be an alternative for some 

cations like nickel, chromium and arsenic. The membranes used are charged and their unique steric 

(size exclusion) and electrical (Donnan exclusion) effects allow the membrane to reject charged 

solutes smaller than the membrane’s pores [170, 175]. Reverse osmosis (RO) can also be used for 

this purpose. By applying pressure, the semi-permeable membrane used in this process is able to 
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reject the majority of dissolved contaminants. It is shown that this technique is able to retain most 

heavy metals [58, 170, 175].  

Ion exchange uses porous solids to reversibly exchange ions between the resin (solid phase) 

and the effluent under treatment (liquid phase). The ions are exchanged for similar ones and 

electroneutrality is maintained [179]. Generally inorganic zeolites or polymeric resins are used. To 

remove heavy metals, cation-exchange resins must be chosen: two common types are the strongly 

acidic featuring sulfonic groups and the weakly acidic resins, featuring carboxylic groups. Selective 

resins are available making this process suitable to recover valuable metals [58, 170, 180]. This 

process is known to generate good results at reasonable costs. Lanxess’s Lewatit product family 

includes ion exchangers for heavy metals [181-183], and Dow, Dupont and Rohm and Haas also 

sell multiple solutions. 

Electrochemical methods are also an option to remove heavy metals from water [58, 170, 

175] and are typically associated with metallurgical industries. Electrodialysis is a membrane process 

in which ionized species exchange through charged membranes by applying electric potential. The 

charged species move across the electrodialysis cell, passing through cation and anion exchangers 

as they are attracted to the anode or cathode, and are concentrated in the concentrate stream (brine) 

[184]. Electroplating is a process in which a cation is reduced to a zero-valence state, at the surface 

of a substrate, by applying electric current [185]. Thus, the ion is reduced in a non-spontaneous 

reaction, at the expense of energy. This process is also called electrochemical deposition. The 

substrate at which the metal deposits acts as the cathode of the electrolytic cell, connected to the 

negative pole. Both electrodes can be an inert or the anode can be sacrificial [186]. When the ion 

is at the cathode/electrolyte interface, it is stripped of its hydration shell, adsorbed, reduced to an 

atom and then nucleation and crystal growth occur [185]. It is considered a “clean” process and is 

useful to recover valuable cations. Employing the same electrolytic cell and adjusting the electric 

tension applied, the process can be used in a selective way for a multitude of species.  

Adsorption is another process used for the removal of heavy metals from liquid media [58, 

170, 175, 187, 188]. In this process, the adsorbate present in the liquid phase, net accumulates at 

the surface of the solid phase - adsorbent. Adsorption is already employed as an additional step to 

remove organic and inorganic contaminants, down to acceptable levels, in water and wastewater 

treatment [189]. The efficiency of the process is intimately related to the adsorbent’s properties - 

surface area or active sites, selectivity and kinetics. With the appropriate adsorbent, high efficiencies 

and fast kinetics can be obtained, while cheap adsorbents can make the process more viable. The 

variety of adsorbents developed [190], ensure versatility, efficiency, simplicity in design and 

operation and possible selectivity to the technique [191, 192]. Conventional commercial adsorbents 
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include clinoptilolite, bentonite, montmorillonite and activated carbon [188]. Metsorb from Graver 

Technologies is an example of engineered commercial adsorbent [193]. 

 

Figure 8 - Schematic representation of heavy metal laden aqueous effluents treatment processes: a) chemical 
precipitation; b) coagulation-flocculation; c) ion-exchange; d) adsorption; e) membrane filtration; f) 
electrodeposition. 
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Table 16 - Comparison of advantages and disadvantages of different treatment techniques for heavy metal 
laden liquid media [58, 170, 175].  

Process Advantages Disadvantages 

Chemical 
Precipitation 

Low cost 
Low energy requirements 
Simple design/operation 

Safe operation 

Production of high volume of sludge 
High cost for sludge disposal 

High consumption of precipitant agent 
Increasing difficulty in meeting disposal 

standards 

Coagulation-
Flocculation 

Reduced time to settle suspended 
solids 

Improved sludge settling 

Sludge production 
High cost for sludge disposal 

Membrane Filtration 

Small space requirement 
High efficiency 

Low pressure of operation (UF) 
High rejection rate (RO) 

High operation cost 
Membrane fouling 

High pressure operation (RO) 
High energy consumption (RO) 

Ion Exchange 

No sludge production 
High removal capacity 

Fast kinetics 
Can be selective 

Not all resins are adequate 
Resins have to be regenerated 

Treatment of regeneration solution 
High cost 

Electrochemical 
Selective separation 

High efficiency 
No sludge production 

High cost 
High energy consumption 

Adsorption 

Simple design and operation 
Low initial cost 
High efficiency 

Low-cost adsorbents available 
Can be selective 

Efficient adsorbents can be expensive 
Loaded adsorbent needs 

disposal/regeneration 
 

2.4.2. Suitability of Removal Techniques for Real World Media 

Section 2.3. reveals that the concentration of heavy metals in the water from watercourses in 

real world polluted sites is usually less than a mg L−1. These concentrations are low, and thus, 

further treatment in order to comply with legislation is a difficult task. A possible and sustainable 

approach is to use cleaning processes that work well with low concentrations and achieve high 

efficiencies. In these cases, membrane filtration, ion exchange and adsorption processes can work 

with low initial concentrations and achieve high efficiency, generating very low concentrations in 

the output stream. Membrane filtration is expensive, its operation is not simple and membranes 

suffer from fouling among other drawbacks. Ion exchange is simple in design and operation and 

the resins are regenerable; however, it becomes costly when treating large amounts of effluent at 

low concentrations and the cations in the regenerating effluent are sent for treatment - normally 

chemical neutralization. Adsorption can be economically viable as it is of simple design and 

operation if the right adsorbent is used. An adsorbent that allows the process to achieve high 

efficiency and is inexpensive [194] makes this process a serious contender for efficient and 

economically viable solution to purify heavy metal laden water, even at higher concentrations. The 

loaded adsorbent needs to be properly disposed, which brings additional costs, but similarly to ion 

exchange, some adsorbents can be regenerated. A more expensive adsorbent that can be 



2. Heavy Metals in the Environment 

 35 

regenerated can be more useful than a disposable adsorbent. Chemical precipitation aided with 

coagulants and high amounts of lime could also achieve very low final concentrations. However, 

this result is more difficult to achieve and occurs at the expense of major amounts of precipitation 

and coagulation agents, increasing costs and producing high volume of sludges that are expensive 

to treat and dispose of. In sum, in this situation, adsorption with reasonable cost and regenerable 

adsorbents seems the most inexpensive approach to purify the water from natural watercourses in 

order to be adequate for human consumption.  

Some watercourses feature higher concentrations of heavy metals (~200 mg L−1 of Cu and 

~700 mg L−1  of Zn [85]; ~13 mg L−1  of As [99]; 11 mg L−1 of Pb and 27 mg L−1 of Ni [150]), as do 

the effluents from Table 11. These are very high when compared to drinking or irrigation water 

standards; nevertheless, these concentrations are still well within the concentration range for which 

the treatment techniques are capable of working efficiently [170, 176, 194-196]. For these 

situations, the techniques discussed previously are all applicable, with the same limitations. For the 

specific case of metallurgy industries, the possibility to recover the heavy metals is a key challenge, 

as these are used as raw materials. Ion exchange resins [180] and adsorbents [191, 192] can be 

selective, allowing to recover the desired cations, which gives an economical advantage to these 

two techniques. The sludges produced from chemical precipitation impair the recovery and reuse 

of those cations. For the cases of the effluents evaluated by John et al. [134] and Frank et al. [137], 

since one of the pollutants features extremely high concentrations (>1000 mg L−1), chemical 

precipitation becomes the most suited strategy. However, polymer enhanced ultrafiltration has also 

shown to be effective in very high concentrations [176], although much costly. Electrochemical 

processes are very expensive but for the case of metallurgical and surface treatment industries these 

can be adequate since the high operation cost is offset by the value of recovering high amounts of 

metal. These processes can also be selective, increasing the reusability of the recovered cations.  
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3.1. Sorptive Processes 

Adsorption is a process in which a chemical species in a fluid phase (liquid or gas) net 

accumulates at the surface of a solid [197, 198]. The solid - adsorbent - and the chemical species in 

the fluid phase - adsorbate - become attached by physical or chemical interactions, due to 

unbalanced forces, reducing the surface free energy [199]. Sorption, on the other hand, is generally 

used to describe the initial penetration and dispersal of a sorbate into a solid matrix; the term 

includes adsorption, absorption, incorporation into microvoids and cluster formation [200]. 

The adsorption process comprises several steps: mass transport of the adsorbate in the bulk 

of the fluid phase; diffusion of adsorbate in the film at the solid-fluid interface; pore diffusion of 

the adsorbate through the adsorbent and surface reaction where the interactions between adsorbent 

and adsorbate take place [201].  

In the adsorption of species from liquid phases, the amount of species adsorbed qt (mg g−1) 

at moment t is related to the bulk concentration of the species in the liquid phase Ct (mg L−1), and 

can be calculated using Equation 3,  

 

𝑞𝑡 =
𝑉(𝐶0 − 𝐶t)

𝑚
 (3) 

 

where V represents the volume of liquid phase (L), m the mass of adsorbent (g) and C0 is the initial 

concentration of the adsorbate solution (mg L−1). As time approaches infinity the adsorption 

equilibrium is achieved: qt=qe and Ct=Ce. 

The amount of species adsorbed can also be quantified as a removal efficiency in percentage 

(RE%) - Equation 4.  

 

𝑅𝐸% =  
𝐶0 −  𝐶𝑒

𝐶0
× 100 (4) 

 

The analysis of equilibrium, kinetics and thermodynamic parameters of adsorption processes 

allows the comprehension of the interactions between the adsorbent and adsorbate. 
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3.1.1. Adsorption Mechanisms 

The removal of heavy metals via adsorption can be due to different phenomena like surface 

precipitation, surface complexation, cation exchange, cation-π interactions, Coulomb forces, van 

der Waals forces or hydrogen bonding, which are the sorption mechanisms [202-206]. The 

hydration sphere of the cation has been shown to be important for the adsorption process, with 

the loss of water molecules occurring during the binding process to the surface - inner-sphere 

complexation [33, 207-209]. In fact, the dehydration of the cation can act as a driving force for the 

adsorption process [33, 207-209]. Outer-sphere complexation occurs when the hydration shell of 

the cation is maintained, and the adsorbent-adsorbate interactions occur via hydrogen bonding or 

are of long-range electrostatic nature [210].  

The sorption type (chemisorption or physisorption) can be inferred from information 

provided by the isotherm and kinetic models and confirmed by the thermodynamic parameters. 

However, these two types of sorption are limit situations; in real processes, a combination of 

chemical and physical interactions (hybrid scenario) is more probable. Physical adsorption is 

nonspecific and the formation of adsorbate multilayers at the surface of the adsorbent can occur; 

it is rapid, reversible and only significant at low temperatures. Chemisorption involves high heat of 

adsorption, is specific and only occurs in monolayers. In general, it involves transfer of electrons 

to form bonds between the adsorbent and adsorbate (mainly ionic and covalent), thus, irreversible 

[199, 211]. From a thermodynamic point of view, physical adsorption involves low enthalpy 

changes (< 20 kJ mol-1) while for chemisorption the enthalpy change is typically bigger than  

80 kJ mol-1.  

The adsorption of metal ions from aqueous media is generally controlled by the adsorbent’s 

surface chemistry and surface area or by precipitation reactions [202]. It is known that the 

interaction of Lewis bases modified adsorbents with the heavy metal cations may be explained by 

the Pearson acid-base concept (hard and soft (Lewis) acids and bases, HSAB theory). This 

interaction occurs in the form of coordination bonds, surface complexation mechanism, found in 

previous studies [205, 206, 212-217]. When surface precipitation is a dominant mechanism the 

adsorption isotherms features a characteristic vertical shape, having similar equilibrium 

concentrations for different initial concentrations [202]. 
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3.1.2. Adsorption Kinetics 

The adsorption kinetics evaluates the effect of contact time between adsorbate and 

adsorbent, allowing to obtain the rate constant of adsorption processes. It also gives insight on the 

type and mechanism of adsorption, information that is complemented with the one obtained from 

the isotherm models. The kinetic model reveals which phenomena of the adsorption process is the 

slowest, therefore identifying the mechanism [201]. 

The sorption kinetic models used in this work, including those most relevant for heavy metals 

[218] in their differential and integrated forms, are summarized in Table 17. 

 

Table 17 - Relevant sorption kinetic models for heavy metals. 

Model Differential Form Integrated Form 

Pseudo-First 
Order 

𝑑𝑞𝑡

𝑑𝑡
=  𝑘1(𝑞e − 𝑞𝑡) (5) 𝑞𝑡 =  𝑞e(1 − 𝑒−𝑡𝑘1) (6) 

Pseudo-Second 
Order 

𝑑𝑞𝑡

𝑑𝑡
=  𝑘2(𝑞e − 𝑞𝑡)2 (7) 

𝑞𝑡 =  
𝑞e

2𝑘2𝑡

𝑞e𝑘2𝑡 + 1
 

𝑞𝑡 = 𝑞0 +
𝑞e

2𝑘2𝑡

𝑞e𝑘2𝑡 + 1
 

(8) 
 

(9) 

Double  
Exponential  

Model 

𝑑𝑞𝑡

𝑑𝑡
=  

𝐷1𝑘D1

𝑐
𝑒−𝑘D1𝑡

−  
𝐷2𝑘𝐷2

𝑐
𝑒−𝑘D2𝑡 

(10) 
𝑞𝑡 =  𝑞e − 

𝐷1

𝑐
𝑒−𝑘D1𝑡

−  
𝐷2

𝑐
𝑒−𝑘D2𝑡 

(11) 

Intraparticle 
Diffusion 

--  𝑞𝑡 = 𝑘IPD𝑡0.5 + 𝐸 (12) 

 

The pseudo-first order equation (Equation 5), also called Lagergren’s first order rate equation 

[219], is used to describe adsorption in heterogeneous systems and is likely the oldest rate of 

adsorption model for liquid-phase systems [201]. The appropriate boundary conditions for 

integration of the equation are q(t=0)=0 and q(t=t)=qt. k1 is the first order rate constant (h−1), t is 

the time (h) and q is the sorbate uptake (mg g−1). The equation shows that the adsorption process 

is only dependent on the sorbate concentration - diffusion-controlled process [201, 220]. 

The pseudo-second order equation (Equation 7), also known as Ho and McKay equation 

[221], is usually the most suitable to describe the adsorption of heavy metals. It is integrated with 

the same boundary conditions of Equation 5. The parameter k2 is the pseudo-second order 

adsorption rate constant (g mg−1 h−1) and it depends on the operating conditions [201]. Equation 

9 presents a more generic form of the equation, modified pseudo-second order model, in which q0 

represents an initial sorption, which can be explained by an initial boost sorption. This equation 

reveals that the surface reaction limits the overall kinetics. As such, it is shown that chemisorption 

is the rate limiting step in the adsorption process; this can be easily justified by a monolayer or 
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multilayer sorption or by irreversible sorption/desorption cycles. It is accepted that the surface 

reaction is of second order with respect to the number of available active sites [201]. 

The double exponential model (Equation 10) [222] describes a two-step kinetic adsorption 

process, where the adsorption starts with a fast step (step 1) and then progresses slowly towards 

equilibrium (step 2). In this equation, kD (h−1) is the adsorption rate constant (in general, related 

with the diffusivity), Di (mg L−1) represents the maximum adsorbed amount at step i and c is the 

concentration (g L−1) of adsorbent in the test [223]. If kD1 is much greater than kD2 the equation 

can be simplified by assuming that the term corresponding to the rapid step is null. This model 

usually describes diffusion limited processes, with the fast step being associated with external 

diffusion and the slow step with intraparticle diffusion, but it can also describe adsorbents with 

two types of active sites on their surface, in which case this model is used as two-site model and 

does not describe a diffusion limited process [223]. 

The intraparticle diffusion model of Equation 12 was presented by Weber and Morris and is 

based on Fick’s 2nd law equation [224, 225]. It states that the adsorbate uptake is proportional to 

the square root of time. kIPD (mg g−1 h−0.5) is the rate constant and depends on the diffusion 

coefficient, and E (mg g−1) is a constant shown to be correlated to the boundary layer thickness 

[224].  

3.1.3. Adsorption Isotherms 

Adsorption isotherms evaluate the effect of the initial concentration of adsorbate and 

provide information about the mechanism, surface properties and degree of affinity towards 

sorbates [226]. These models apply to experimental data obtained at equilibrium conditions.  

The most important sorption isotherms for heavy metals removal [218] and others used in 

this work are summarized in Table 18. 

 

Table 18 - Relevant sorption isotherm models for heavy metals sorbates. 

Model Equation 

Langmuir 

𝑞e =  
𝑞m𝐾L𝐶e

1 + 𝐾L𝐶e
 

𝑅L =  
1

1 + 𝐾L𝐶0
 

(13) 
 

(14) 

Freundlich 𝑞e =  𝐾f𝐶e
1 𝑛F⁄

 (15) 

BET 
(Brunauer–Emmett–Teller) 

qe = 
𝑞m𝐾𝐿𝐶e

(1 − 𝐾𝑆𝐶e)(1 − 𝐾𝑆𝐶e + 𝐾𝐿𝐶e)
 (16) 

Langmuir-Henry 𝑞e = 
𝑞m𝐾L𝐶e

1 + 𝐾L𝐶e
+ 𝐾H𝐶e (17) 
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The Langmuir isotherm [227] (Equation 13) is a the most common model. It considers a 

homogenous surface of the adsorbent where adsorption occurs at specific sites, active sites, that 

are identical and equivalent and accommodate only one molecule of sorbate per site - monolayer 

adsorption [198, 228]. Thus, it is assumed that chemisorption is behind the adsorbate-adsorbent 

interactions. In this equation, KL (L mg−1) is the Langmuir constant, and qm (mg g−1) is the maximum 

adsorption capacity.  

One can evaluate if the adsorption is favorable or not by calculating the separation factor 

(Equation 14). The value of RL indicates that adsorption is irreversible when its value is zero, 

favorable for 0< RL<1, linear when its value is one, or unfavorable for RL>1. 

The Freundlich sorption isotherm (Equation 15) [229], describes the adsorption on 

heterogeneous surfaces [198]. The Freundlich constant, KF (mg g−1 (L mg−1)1/n
F), indicates the 

relative adsorption capacity of the adsorbent, and (1/nF) is the heterogeneity factor, approaching 

zero with heterogeneous surfaces. The heterogeneity factor also gives information on the 

adsorption type - chemisorption occurs when this factor is smaller than one while multilayer 

adsorption occurs when it is greater than one. If the heterogeneity factor is one, the equation is 

reduced to Henry’s law. The Freundlich equation is empirical and has no thermodynamic grounds 

[198].  

The BET (Brunauer–Emmett–Teller) isotherm model [230] describes multilayer adsorption 

and was initially conceptualized for the sorption of gaseous species. The BET theory assumes that 

the first layer is Langmuir-like, and so it is reduced to the Langmuir equation when there is only 

one sorbed layer; that the upper layers have equal heat of adsorption and adsorption/desorption 

rates and are therefore equal among themselves [231, 232]. It can be expressed for liquids (Equation 

16) [231], in which qm represents the monolayer sorption capacity (mg g−1), KL is the equilibrium 

constant for the first adsorbate layer (Langmuir constant, L mg−1), and KS is the equilibrium 

constant for the upper layers. CBET is equal to KL divided by KS.  

The Langmuir-Henry model (Equation 17) combines both the Langmuir and Henry 

isotherms [200], describing sorption both at active surface sites and by the dissolution of the 

sorbate inside the porous matrix. KL is the Langmuir constant and has the same meaning as in the 

Langmuir isotherm (L mg−1), and KH is the Henry constant (L g−1). 
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3.1.4. Adsorption Thermodynamic Parameters 

The analysis of thermodynamic adsorption parameters allows to get further understanding 

of the process, namely the nature of the sorbate-sorbent interactions.  

The calculation of the thermodynamic parameters of adsorption requires the estimation of 

the adsorption equilibrium constant at different temperatures. While not the most rigorous 

approach, the equilibrium constant is commonly estimated testing only one adsorbate 

concentration at each temperature and using the distribution coefficient, Kd (L g−1), Equation 18 

[233, 234]. The adsorption standard Gibbs free energy variation (kJ mol−1) is calculated with 

Equation 19 [233]. The adsorption standard entropy (J mol−1 K−1) and enthalpy (J mol−1) variations 

are estimated via fitting using a modified van’t Hoff equation, Equation 20.  

 

𝐾d =
𝑞e 

𝐶e
, (18) 

∆𝐺0 = −R𝑇 ln 𝐾, (19) 

ln 𝐾 =
∆𝑆0

R
− 

∆𝐻0

R𝑇
, (20) 

 

The modified van’t Hoff equation assumes that the standard enthalpy and entropy changes 

are constant in the considered range of temperatures. The spontaneity of the process in the 

standard conditions is evaluated by the standard Gibbs free energy variation. The standard enthalpy 

change indicates if the sorption process is exothermic, endothermic or athermic, being entropy 

driven i.e. |∆𝐻0| < |𝑇∆𝑆0|, in the latter cases [208, 209]. The adsorption enthalpy also indicates 

the strength of adsorbent-adsorbate interactions, increasing with its value (in modulus), hence 

chemisorption is associated with high heats of adsorption (> 80 kJ mol−1) [234]. Low entropy 

variations reveal that there are no significant changes in the disorder of the system during the 

adsorption at the interface between phases [234].  

3.1.5. Desorption and Adsorbent Regeneration  

Desorption is the reverse process of adsorption and both occur simultaneously, as the 

process is dynamic [235]. However, extensively desorbing the sorbates is necessary to regenerate 

the adsorbent. When the loaded adsorbent is placed in a solution, the adsorption/desorption 

dynamic process resumes, and desorption agents favor the desorption reaction. This is not always 

easy and is dependent on the nature of sorbate-sorbent interactions. Solutes adsorbed by physical 
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interactions and ion exchange are easily desorbed. When cation-π interactions are responsible for 

the adsorption, the adsorbates are potentially desorbed in natural environments, while adsorbates 

sorbed by surface complexation are not easily desorbed [204].  

When physical adsorption occurs, higher temperatures and low pressures favor the 

desorption of sorbates, while chemisorption is usually irreversible [235]. When the sorbate-sorbent 

interactions are very strong, desorbing species may result in/require the destruction of the sorbent 

and/or of the sorbate [236]. This impedes the reutilization of adsorbents but may be required to 

recover valuable sorbates or treat materials loaded with dangerous pollutants.  

Acids are commonly used for desorption procedures of metals [237-240]. Because metal 

cations in solution act as Lewis acids, the hydrolysis of their hydrated species (M(H2O)n
z+) results 

in the release of hydronium ions to the solution and new hydrated species (M(H2O)n-1(OH)(z-1)+) 

are formed [34]. In an acidic, low pH media, hydrolysis is prevented. Hydronium ions have high 

affinity for Lewis bases active surface groups, and at pH<pKa of surface ligands, they protonate 

the latter. The pH dependent surface charge is the reason why at pH<pKa of surface ligands, 

adsorption of metal cations is not favored [241]. Acids can also degrade the sorbent, releasing the 

sorbate. Bases, also frequently used as desorption agents [242-244], can increase the solubility of 

the metal ion, by the formation of metal hydroxides [34-37]. As such, the adsorption/desorption 

equilibrium is dislocated toward the presence of cations in solution. Furthermore, these species are 

also not easily sorbed. Bases are corrosive and can also promote desorption by the degradation of 

the adsorbent.  

3.2. Heavy Metal Adsorbents in the Literature 

The versatility, efficiency and low cost of the adsorption process has spiked the interest for 

this process, already widely used, and hundreds of new adsorbents and natural materials have been 

researched for their heavy metal removal capabilities. These facts are evidenced by the increasing 

number of publications in recent years on heavy metal adsorption - Figure 9. Engineered materials 

developed as higher efficiency adsorbents can be synthesized with controlled porosity and/or 

surface chemistry, among other properties, to ensure interaction with adsorbates and maximize 

their performance.  
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Figure 9 - Evolution of the number of publications per year, according to the Web of Science database for the 
past fifteen years, in heavy metal adsorption and adsorbents. Search keywords: heavy metal* and sorption, 
adsorption, adsorbent, sorbent. Data obtained at 22/04/2021. 

 

The types of adsorbents used for heavy metals include natural materials and their derivatives, 

polymers, carbon adsorbents, mesoporous silicas and aerogels. Selected works using these 

adsorbents are briefly discussed below and their adsorption capacities, for the cations under focus 

in this thesis, are summarized in Table 19 and represented (maximum values only) in Figure 10. 

Natural adsorbents include zeolites, clay materials, natural polymers and organic wastes. 

Zeolites are crystalline aluminosilicate minerals that occur naturally but can also be synthesized 

[245]. These have been investigated for the purpose of adsorbing heavy metals in their natural state 

[246-249], after modification [249-251] and as synthetic zeolites [248, 252-254]. Clays are natural 

materials that combine hydrous aluminosilicates - clay minerals - with metal oxides and organic 

matter. Unmodified clay minerals [251, 255-257], synthetic ones [258, 259] and 

modified/engineered minerals [240, 260-262] can be used for the adsorption of metal ions from 

water. Natural polymers such as chitin and chitosan have also been successfully employed as heavy 

metal adsorbents in their natural form [263, 264] or in composite adsorbents [191, 265-267]. 

Hokkanen et al. [244] developed an aminated micro fibrillated cellulose for this purpose. Organic 

waste materials, such as sawdust [268] and engineered materials from such wastes [269] were equally 

tested with this goal. Biochars are produced from organic wastes and can be used as adsorbents 

[270-273].  More complex materials, such as an aminothiourea chitosan modified magnetic biochar 

composite are also reported as heavy metal adsorbents [274]. 

Engineered adsorbents are based on a wide range of materials. These can be based on iron 

nanoparticles [275, 276], titania nanoparticles [277], synthetic polymers [278-280], polymer sponges 

[281] and polymer hydrogels [282]. An aminopropyl functionalized H-RUB-18 (sodium silicate) 

was developed by Macedo et al. [283]. 
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Carbon-based adsorbents have also been employed to adsorb metal cations. Carbon 

nanotubes (CNTs) [284-286] and activated carbon [270, 287-289] were studied by some authors. 

Hayati et al. [290, 291] studied the adsorption properties of a poly(amidoamine)/CNT composite, 

while a magnetic graphene oxide grafted polymaleicamide dendrimer was developed by Ma et al. 

[292]. 

Mesoporous silicas are very interesting materials that are widely studied as adsorbents. 

Nanoparticles such as functionalized Santa Barbara Amorphous (SBA) [293], Mobil Composition 

of Matter (MCM) [205, 216, 294-297], PVA/amine MCM-41 composite [298] and other [299] were 

developed for this purpose. Furthermore, modified silica gels [300-305] and other mesoporous 

silicas were tested [242, 306, 307] for the same purpose. Amine modified mesoporous silica 

particles were tested by Hao et al. [308, 309], Alothman et al.  [238] and Chen et al. [310]. A silica-

cellulose nanofibrils composite was developed by Agaba et al. [311], while a PVA/SiO2 composite 

nanofiber membrane [312] and cross-linked PVA/NH-SiO2 beads [313] were also reported. 

Nonporous sulfonic acid functionalized silica microspheres were prepared and tested by Qu et al. 

[314].  

For the adsorption of heavy metals, silica aerogels [315-319], cryogels [320], xerogels [239], 

organic aerogels [321-324], other types of inorganic aerogels [325, 326] and carbon aerogels [327, 

328] were developed and tested. Composite aerogels like carboxylated magnetic cellulose aerogels 

have also been developed [329]. 

Furthermore, some adsorbents were developed with the goal of being selective for a 

particular heavy metal cation [213, 330-339]. To achieve such goal, these adsorbents were modified 

with ionophores, as discussed in more detail in Section 3.4.. 
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Figure 10 - Maximum adsorption capacity for heavy metal cations, according to the literature data reported 
in Table 19.   
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Table 19 - Adsorption capacity, whenever possible from the isotherm model, for heavy metals by different 
adsorbents in the literature. 

Material 

Adsorption capacity/ 
 mg g−1 Ref. 

Cd Cu Pb Ni 

Clinoptilolite -- 9.0 -- -- [246] 

Clinoptilolite -- 12.7 -- -- [247] 

Chabazite -- 11.4 -- -- [247] 

Natural zeolite 4.6 5.9 -- 2.0 [248] 

Natural zeolite 4.0 -- 59.4 -- [249] 

Mg-zeolite 36.9 15.2 58.5 -- [250] 

Fe (III) modified zeolite 66.2 -- 213.3 -- [249] 

Ca modified zeolite 1.1 -- 55 -- [251] 

Zeolite from fly ash -- 82.7 -- -- [252] 

Zeolite X from kaolin 92.6 43.8 213.4 24.9 [253] 

Synthetic zeolite 50.8 50.5 -- 20.1 [248] 

Synthetic zeolite A 185.5 -- -- -- [254] 

Bentonite 5.0 -- 55 -- [251] 

Kaolinite -- 10.8 -- 1.7 [255] 

Montmorillonite -- 7.6 -- 12.9 [256] 

Beidellite 42.0 -- 83.3 -- [257] 

Nano hydroxyapatite 142.9 -- 1000.0 40.0 [258] 

Synthetic hydroxyapatite -- -- -- 14.5 [259] 

Expanded perlite -- 1.9 -- -- [260] 

Chitosan/ hydroxyapatite composite -- -- 909 -- [261] 

Carboxymethyl cellulose / hydroxyapatite composite -- -- 625 -- [261] 

Amine modified saponite -- -- -- 148.5 [240] 

Methylene bisacrylamide-co-acrylic acid/bentonite 
composite 

416.7 222.2 1666.7 270.3 [262] 

Chitin from silkworm chrysalides -- -- 32.0 61.2 [263] 

Chitosan from silkworm chrysalides -- -- 141.1 52.8 [263] 

Chitosan -- -- -- 159.1 [264] 

Chitosan-MAA nanoparticles 1.8 -- 11.3 0.9 [191] 

Chitosan coated PVC beads -- 87.9 -- 120.5 [265] 

Cross-linked magnetic chitosan particles -- 126.6 -- 66.2 [266] 

Poly Ethyleneoxide/chitosan nanofiber membrane 232.3 285.1 214.8 338.6 [267] 

Amine modified micro fibrillated cellulose 471.6 200.2 -- 159.9 [244] 

Citric acid modified sawdust 12.8 15.1 48.5 9.8 [268] 

Orange peal/Iron oxide composite NP 71.4 -- -- -- [269] 

Jarrah biochar -- 4.4 -- -- [270] 

Sida hermaphrodita biochar 35.7 33.3 -- -- [271] 

Tectona grandis biochar -- -- -- 32.9 [272] 
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Table 19 - Adsorption capacity, whenever possible from the isotherm model, for heavy metals by different 
adsorbents in the literature (continued). 

Material 

Adsorption capacity/  
mg g−1 Ref. 

Cd Cu Pb Ni 

Amorphophallus konjac biochar 137.6 -- 202.8 -- [273] 

Aminothiourea chitosan modified magnetic biochar 
composite 

93.7 -- -- -- [274] 

Nano zerovalent iron 769.2 -- -- -- [275] 

Aminated iron oxide nanoparticles 75.2 -- 170.4 -- [276] 

Poly(amidoamine) functionalized TiO2 288.0 312.0 301.0 -- [277] 

Perfluorous conjugated microporous polymer -- -- 808.2 -- [278] 

β-cyclodextrin polymer 136.4 164.5 196.4 -- [279] 

Polyazomethineamide -- 470.7 452.1 462.3 [280] 

PEI-grafted gelatin sponge 79.9 -- 80.6 -- [281] 

Gum ghatti-Grafted poly(acrylamide-co-acrylonitrile) 
hydrogel 

-- 203.7 384.6 -- [282] 

Aminopropyl functionalized H-RUB-18 -- 133.4 -- 118.0 [283] 

Acidified MWCNTs -- 25.0 91.0 -- [284] 

CNTs -- -- 102.0 -- [285] 

Oxidized MWCNT 22.3 -- -- -- [286] 

Ethylenediamine-functionalized MWCNTs 21.7 -- -- -- [286] 

Activated carbon -- 6.8 -- -- [270] 

Activated carbon 33.6 24.1 22.8 27.0 [287] 

Steam activated carbon 81.6 116.0 173.6 -- [288] 

Typha angustifolia derived activated carbon 48.1 -- 61.7 -- [289] 

Poly(amidoamine)/CNT composite -- 3677 4080 3900 
[290, 
291] 

Magnetic graphene oxide grafted polymaleicamide 
dendrimer 

-- -- 181.4 -- [292] 

Sinapinaldehyde modified SBA-15 -- -- 33.6 -- [293] 

N-N dimethyldodecylamine modified MCM-41 191.1 278.9 267.3 -- [205] 

N-N dimethyldodecylamine modified MCM-48 175.4 259.2 238.3 -- [205] 

Thiol-functionalized MCM-41 -- 37.8 110.7 -- [216] 

Chitosan-functionalized MCM-41-A -- -- 90.9 -- [294] 

Melamine-based dendrimer amines magnetic MCM-48 114.1 125.8 127.2 -- [295] 

Aminopropyl modified MCM-41 14.1 -- 64.2 -- [296] 

Diethylenetriamine modified MCM-41 -- -- 77.5 58.5 [297] 

PVA/amine MCM-41 composite 46.7 -- -- -- [298] 

Mercapto modified SiO2 NP 4.8 -- 10.4 -- [299] 

EDTA functionalized silica gel -- 79.4 -- 74.0 [300] 

4-phenylacetophynone 4-aminobenzoylhydrazone 
functionalized silica gel 

-- 0.8 -- 0.8 [301] 
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Table 19 - Adsorption capacity, whenever possible from the isotherm model, for heavy metals by different 
adsorbents in the literature (concluded). 

Material 

Adsorption capacity/ 
 mg g−1 Ref. 

Cd Cu Pb Ni 

Thiourea-diamine functionalized silica gel -- 79.4 -- -- [302] 

Poly(amidoamine) functionalized silica gel -- 104.6 -- -- [303] 

Carboxyl functionalized silica gel 43.8 50.8 -- 31.9 [304] 

Thioglycolic acid functionalized silica gel -- 21.0 -- 17.6 [305] 

L‑Proline functionalized mesoporous silica -- -- 21.9 -- [242] 

EDTA functionalized mesoporous silica 5.5 -- 7.2 -- [306] 

EDTA functionalized mesoporous silica 71.4 49.5 147.1 -- [307] 

Amino-functionalized mesoporous silica  138.5 982.1  [308] 

Amino-functionalized mesoporous silica 192.2 148.7 592.6 -- [309] 

Di-amine functionalized mesoporous silica 253.0 522 -- -- [238] 

Melamine-amine functionalized aluminum mesoporous 
silica 

-- -- 147.5 -- [310] 

Silica-cellulose nanofibrils composite 130.5 -- 157.7 -- [311] 

PVA/SiO2 composite nanofiber membrane -- 489.1 -- -- [312] 

Cross-linked PVA/NH-SiO2 beads -- -- 67.6 -- [313] 

Sulfonic acid functionalized silica microspheres 179 93 223 -- [314] 

Amine functionalized silica aerogel -- 47.6 -- 27.7 [315] 

Amine functionalized silica aerogel 35.7 -- 45.5 -- [316] 

Mercapto functionalized silica aerogel -- 51.0 -- -- [317] 

Mercapto functionalized silica aerogel 200.0 83.3 250.0 -- [318] 

Amine functionalized silica aerogel particles -- -- 407.0 -- [319] 

Bis-amine bridged silica cryogel -- 77.0 276.0 -- [320] 

Disulfide bridged silica xerogel 36.0 19.5 66.3 -- [239] 

Poly(methacylic acid-co-maleic acid) grafted 
nanofibrillated cellulose aerogel 

134.9 -- 165.8 115.6 [321] 

Polybenzoxazine aerogel -- 1.5 0.3 -- [322] 

Nanocellulose/polyethylenimine crosslinked aerogel 485.4 -- -- -- [323] 

Cellulose Nanofibrils aerogel -- 16.7 94.9 -- [324] 

Calcium alginate aerogel 244.6 126.8 -- -- [325] 

Sodium alginate/graphene oxide aerogel -- 98.0 267.4 -- [326] 

Carbon aerogel -- -- 34.7 2.8 [327] 

Carbon aerogel 15.5 -- 34.7 -- [328] 

Carboxylated magnetic cellulose aerogels -- 73.6 -- -- [329] 

 

The works summarized in Table 19 do not use the same experimental conditions and thus 

they cannot be compared directly. In addition, some of the materials were tested only for a few 

cations. Nevertheless, it is clear that the several types of adsorbents employed in the literature are 
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adequate to remove heavy metals and show the versatility and potential efficiency of the adsorption 

process.   

The results from Table 19 and Figure 10 reveal that natural adsorbents have, in general, low 

adsorption capacities, particularly if these are used as obtained. Common widely available 

adsorbents, belonging to this category such as clinoptilolite [246] and bentonite [251], are shown 

to have little efficiency despite being very cheap. This capacity increases when natural materials are 

modified or engineered: modified and synthetic zeolites [248-254], composite and synthetic clay 

minerals [240, 258-262]. Natural polymers chitin and chitosan [263, 264] are better adsorbents than 

the previously referred materials, but these too increase their performance by being modified [191, 

244, 265-267]. Furthermore, the valorization of organic matter wastes via the production of biochar 

also generated better adsorbents than unmodified natural materials, with a reduced cost [270-273].  

It is clear from Table 19 and Figure 10 that engineered materials are more efficient than 

unmodified natural adsorbents. However, these are also more expensive and less available. Carbon-

based adsorbents achieve higher adsorption capacities [290-292] when prepared properly: activated 

carbons show heavy metal adsorption capacities similar to those of unmodified natural materials 

[270, 287, 289], but can be enhanced if prepared in certain conditions [288]. Mesoporous silicas 

have been extensively studied and most synthesis conditions generate good results [205, 238, 295, 

308]. Other metal nanoparticles [276, 277] and polymers [279, 280] reported are also good 

candidates. Aerogels are still not very researched for this application, but promising results have 

also been reported for these materials [318-321, 325].  

For engineered materials, their composition, particularly their surface chemistry, greatly 

affects the performance of the adsorbent, meaning that the modification of the material is a key 

factor to its performance. The functionalization of these materials is achieved by modifying their 

surface with Lewis base ligands. Examples of such are amine (primary, secondary or tertiary), 

melamine, chitosan, thiol, thiourea, EDTA (ethylenediamine tetraacetic acid) and acidic groups, 

which are based on N, S or O donor atoms. Zeolites are modified differently, with iron oxide and 

magnesium.  

The balance between the adsorbent cost and its removal capacity is still unresolved: smaller 

amounts from an engineered adsorbent can adsorb the same pollutant as high amounts of natural, 

low efficiency adsorbents. The cost of smaller equipment allied with small amounts of adsorbent 

may be more cost effective. Therefore, an economic evaluation is needed for each case. The ability 

to reuse the adsorbent is critical in the economic viability of an adsorbent at the commercial scale.  

From this literature survey it becomes clear that despite the many materials reported for this 

application, improving existing solutions, none is yet to become a commercial success. This is 
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partially due to the synthesis complexity, making the final material very costly. Thus, it is still 

necessary to conduct more research on heavy metal adsorbents, to find a more viable solution for 

large scale applications. Aerogels could be part of a solution as the extreme porosity and high 

specific surface areas are the prime features of an adsorbent. Moreover, the modifiable surface 

chemistry makes these materials more versatile and allows the exploration of many possibilities of 

functional groups. However, environmental applications for these materials are still scarce, 

although modified silica materials are promising. The introduction of functional groups, active for 

adsorption, in the aerogel matrix usually negatively impacts its structural properties [315, 316, 319]. 

As such, not only are the functional groups important but so are the synthesis procedures, as 

different chemical systems and functionalization methods can yield different macroscopic 

properties to the materials with the same modifying groups [315, 316, 319, 320]. 

The limitations found in the literature make room for more research on the subject, 

particularly in aerogels for heavy metal adsorbents. As such, the goal of this thesis addresses such 

lacunas.  

3.3. Silica Aerogels 

Aerogels are nanostructured materials with unique properties such as high surface area, 

porosity, insulation performance and low density. The term was introduced by Kistler [340], when 

he developed a methodology that allowed to dry gels without collapsing their structure. Gels are 

solid materials made of two phases: a solid crosslinked three dimensional matrix and a liquid [341]. 

The IUPAC definition of aerogels “gels comprised of a microporous solid in which the dispersed 

phase is a gas” [342] is controversial in the scientific community as it excludes mesopores and 

macropores from these materials [341, 343-352]. Definitions for aerogels have been proposed by 

several authors, however none has received a consensual backing from the scientific community. 

These state that the drying of the material must not impact its structure, implying that only 

supercritical dried materials are regarded as aerogels. Most recently, it was proposed that “aerogels 

are highly porous nanostructured solid materials derived from gels, in which the pores' filling phase 

is a gas and whose properties/structure are not significantly affected by the removal of swelling 

agents” [353]. It is then advised to evaluate the extent of changes caused to a monolith dried under 

subcritical conditions and determine their significance.   

Silica aerogels are the most studied ones since silicon provides better control of the steps of 

the sol-gel synthesis. In fact, silicon has lower partial positive charge than transition metals [354], 

leading to lower, more manageable rates of the hydrolysis and condensation reactions. 
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3.3.1. Synthesis via Sol-Gel Chemistry 

Sol-gel technology is a simple, economic and reliable method for the preparation of 

nanostructured materials, in particular metal and metalloid oxides. It involves the transition from 

a liquid to a sol and then to a gel, hence the name. An inorganic matrix composed by interconnected 

uniform particles of reduced dimensions is obtained through a series of polymerization reactions 

in solution at low temperatures [341, 354, 355]. Sol-gel technology allows the manipulation of the 

surface chemistry of the manufactured products, hence aerogels can be tailored for several 

applications [341]. The starting materials of this methodology are metal or metalloid precursors. 

Salts, alkoxides, oxides, hydroxides, complexes, amines and acylates can be used as precursors 

provided that they are soluble in the desired solvent. The most common silica precursors are 

alkoxides, the ones used in this work [341, 354]. 

Sol-gel technology can be divided into the following steps: sol formation, gelation, gel aging, 

gel washing, gel drying and densification (the latter is not used in this work) [341, 355]. A more 

detailed discussion on these steps will be done in the following subsections. 

 

Hydrolysis, Condensation and Gelation 

A sol (colloid) is a suspension in which the dispersed phase particles are smaller than 1000 

nm. The sol formation step comprises the hydrolysis and condensation of the precursors [355]. 

In the case of alkoxide precursors, in the hydrolysis step, the precursor reacts with water, 

releasing an alcohol molecule and a hydrolyzed species. A general hydrolysis reaction for an 

orthosilicate (tetrafunctional alkoxide) and a trifunctional alkoxide are shown in Equations 21 and 

22, respectively. The lone electron pairs from water’s oxygen perform a nucleophilic attack on the 

silicon atom [354] and the hydrolysis reaction is initiated. The amount of water added to the mixture 

influences the extent of this reaction. To guarantee complete hydrolysis, a certain amount of water 

is required, so, the amount of water added to the system acts as a process parameter [341, 355]. 

 

Si(OR)4 + n H2O  ⇌  Si(OH)n(OR)4−n + n ROH (21) 

R′Si(OR)3 + n H2O  ⇌  R′Si(OH)n(OR)3−n + n ROH (22) 

 

Condensation is the step where the sol is formed. The hydrolyzed precursors react with each 

other, releasing water molecules and creating siloxane bonds (≡Si-O-Si≡), Equation 23. 

Condensation can also occur between a hydrolyzed and a non-hydrolyzed alkoxide, with the release 
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of an alcohol molecule - alcohol condensation, Equation 24. At this stage, nucleation occurs, 

starting the growth of primary particles that form the disperse phase of the sol [341, 355]. 

 

≡ Si − OH + HO − Si ≡ ⇌  Si − O − Si + H2O (23) 

≡ Si − OR + HO − Si ≡ ⇌  Si − O − Si + ROH (24) 

 

Tetrafunctional silicon alkoxides feature a very slow gelation kinetics due to the small partial 

positive charge of silicon, as already referred [354]. In fact, the hydrolysis and condensation steps 

are so slow that each one can be controlled independently. Thus, these reactions are catalyzed using 

acids or bases. Acid catalysts accelerate the hydrolysis reaction in comparison to condensation. In 

these conditions, the hydrolysis reaction occurs through a different mechanism, electrophilic attack 

on the oxygen atom of the alkoxide group [341]. At low pH values, the silica particles tend to form 

more ordered and linear chains with lower degree of branching [352]. Thus, the obtained gel is 

reversible, being easily dispersed in solution [341]. Basic catalysts accelerate condensation and 

polycondensation reactions resulting in denser silica particles with low microporosity and branched 

chains [352]. Two-step acid-base catalysis generates similar results [341, 352, 354, 355]. 

During gelation, the condensation reactions are extended to the entire sol, in a process similar 

to a polymerization, hence the name polycondensation. Hydrolysis and condensation are 

considered complete. At this stage the 3D structure of the gel is formed, occupying the entire 

volume of the sol. Primary particles start to aggregate onto secondary particles which themselves 

aggregate onto crosslinked chains in a pearl-necklace type structure (Figure 11). The moment when 

gelation occurs is identified by an abrupt increase in sol viscosity. The gelation of the mixture is 

favored by a change in its pH, induced by the addition of a catalyst, as already mentioned [355]. 
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Figure 11 - Representation of the nanostructure of mesoporous silica aerogels. Reprint from [356] with 
permission from Elsevier. 

 

Gel Aging 

Gel aging strengthens the gel network through thickening of the connection points (necks) 

between the secondary particles, and Ostwald ripening. The thickening of necks occurs by mass 

diffusion throughout the liquid and precipitation of silica in this zone [352, 355]. This phenomenon 

is due to different solubility values alongside the particle’s surface, with solubility being low in the 

convex area of the necks due to the negative curvature [352]. The Ostwald ripening mechanism 

consists in the dissolution of smaller particles, which reduces their number, and reprecipitation 

onto larger particles, helping the growth of the network [341, 355]. Syneresis, which also occurs in 

the aging process, consists in the expelling of liquid from the network due to its slight contraction, 

induced by its strengthening [354]. 

Aging can occur in the mother solution itself or in a specifically prepared solution which can 

contain more precursor to further strengthen the solid structure. Temperature, aging time and 

solution pH are controlled in this step to optimize the desired results [352]. 

 

Gel Washing and Drying 

Gel washing allows to remove byproducts, catalysts and unconverted reactants from the gel’s 

network. It can also be used to exchange solvents which is useful to many drying approaches.  

The drying step consists in the removal of the liquid phase from the gel, replacing it with air. 

Gel drying can be achieved by three main processes: evaporative drying (at ambient pressure or 

vacuum conditions), supercritical drying and freeze drying [341, 352, 355]. Because each one of the 

previous approaches causes different changes in the porous structure of the gel, specific names are 

traditionally given to a gel dried by each one of them: evaporative dried gels are called xerogels, 
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supercritically dried gels are aerogels and freeze dried gels are cryogels [355]. This classification was 

overcame as monoliths with minimal impact can be obtained with all of these strategies and should 

be called aerogels, Figure 12. 

 

Figure 12 - Representation of structural changes during aerogel drying stage and corresponding definition. 

 

Evaporative drying is achieved by evaporating the liquid phase by increasing the temperature 

or, in less frequent cases, using vacuum. In this process, large pressure gradients form between the 

liquid phase and vapor in the nanometer sized pores of the gel - Young-Laplace equation, Equation 

25,  

 

∆𝑃 =  
2𝛾cos𝜃

𝑟
 (25) 

 

where γ is the liquid surface tension, 𝜃 is the contact angle and r is the pore’s radius. As the 

liquid evaporates from the pores (emptying them), the shape of the meniscus changes, decreasing 

its curvature radius and increasing the pressure gradient [357]. At the same time the capillary forces 

create large stresses in the gel’s solid structure, which eventually causes both the pores and the 

structure to collapse. The capillary stresses bring surface silanol groups closer. These groups create 

more siloxane bridges that irreversibly shrink the structure, leading to its densification. The capillary 

forces become more significant with increasing adhesion between the liquid phase and solid 

structure. Therefore, xerogels have a high tendency to break, shrink and become more dense [341, 

355]. To overcome the limitations of this technique, different strategies were investigated, in order 

to obtain aerogel-like materials by ambient pressure drying. All these strategies consist in 

minimizing the capillary forces (Equation 25) by reducing the liquid-solid interaction and include: 

silica surface modification with nonpolar groups (increases contact angle with polar solvents), use 

of non-polar solvents with low surface energy and use of additives capable of reducing surface 

tensions (reduces γ) [355]. 
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In order to avoid the collapse of the gel caused by evaporation of the solvent, the drying 

stage can be performed in supercritical conditions, bypassing the critical point of the solvent. This 

was the approach used by Kistler when producing the first aerogel. The high temperature 

supercritical drying (HTSCD) re-emerged in the 1970s followed by the low temperature 

supercritical drying (LTSCD) or supercritical fluids extraction with CO2, in the 1980s [341].  

In high temperature supercritical drying, the gel and a suitable solvent are placed in an 

autoclave and both pressure and temperature are risen beyond the solvent’s critical point. Under 

these conditions the solvent is in its supercritical state, meaning that each molecule can move freely, 

and surface tensions cease to exist. The solvent is vented out of the autoclave at constant 

temperature, until atmospheric pressure is reached [341]. When using organic solvents, the high 

temperatures required to reach the critical point can lead to rearrangements in the gel’s structure 

and esterification on the gel’s surface, making it temporarily hydrophobic (in the case of being 

derived from orthosilicates and therefore hydrophilic) [352].  

In the low temperature supercritical drying approach, carbon dioxide is pumped into an 

autoclave containing the gel to extract the solvent. This method requires the solvent to be soluble 

in supercritical CO2. Carbon dioxide can be pumped in liquid state, flushing the solvent at high 

pressure. Afterwards the temperature is risen, residual solvent is dissolved, and the supercritical 

fluid is vented out to complete the procedure. Carbon dioxide may also be pumped into the 

autoclave as a supercritical fluid, dissolving the organic solvent in the gel as it passes through the 

sample [358].  

When using methanol, ethanol or 2-propanol as solvent, high temperature supercritical 

drying would need to occur at temperatures above 240 °C (critical temperature of these alcohols) 

whereas for low temperature supercritical drying, 40 °C is enough (the critical temperature of 

carbon dioxide is 31 °C) [359]. This operating temperature is important when there are organic 

groups in the sample because many organic functional groups degrade at relative low temperatures. 

This is the case when gels derive from trifunctional alkoxysilanes, gels are reinforced by polymers 

or additives/surfactants are used. Furthermore, high temperature can lead to restructuring of the 

silica skeleton [352]. 

In freeze drying, the triple point is bypassed by freezing and then sublimating the solvent 

under vacuum. This technique is generally only applied when the solvent is water due to its more 

accessible melting point. Currently, alcohols are becoming more accessible as new freeze dryers 

capable of reaching lower temperatures are released to market [360]. Unlike supercritical drying, 

this approach does not guarantee the formation of monoliths [355]. This is a direct result of the 

expansion of water as it freezes, that collapses the porous structure.  
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3.3.2. Properties and Applications 

Silica-based aerogels are highly porous materials that are lightweight, good thermal and sound 

insulators, feature high specific surface area and reduced pore size. Nevertheless, they are usually 

fragile showing poor mechanical properties [355]. In fact, native silica aerogels are brittle and 

although thermally resistant they are moisture sensitive. Table 20 summarizes some typical 

properties of silica aerogels. 

 

Table 20 - Typical properties of silica-based aerogels [341, 352, 354, 355, 361]. 

Bulk density 0.03 - 0.35 g cm−3 

Porosity 90 - 99% 

Specific surface area 100 - 1000 m2 g−1 

Mean pore diameter 5-100 nm 

Thermal conductivity 0.015 - 0.1 W m−1 K−1 

Refraction index 1.0 - 1.08 

 

For many applications, native silica aerogels are not very adequate: moisture sensitivity affects 

the longevity of the material, their fragility means poor machinability, and these are obtained from 

expensive drying techniques to prevent the collapse of the structure. Thus, silica aerogels are usually 

modified or reinforced to optimize the most important properties in each application. Silica 

aerogels can be tailored via sol-gel technology by changing, for example, the silica precursors, which 

allows the addition of new properties to the resulting materials. When modifying the gel with 

organic groups by using an organically modified silane, the resulting gel is called ORMOSIL 

(organically modified silica). These co-precursors can also be used to reinforce the final material, 

increasing mechanical properties. With proper co-precursor mixtures, translucid, hydrophobic, 

flexible or electric insulation aerogels can be produced [355].  

Due to their very interesting properties, the use of silica aerogels has been proposed for 

dielectric materials, catalyst supports, building and space environment insulators, chemical sensors, 

hydrophobic coatings, nuclear waste confinement, adsorbents and as drug carriers [341, 352, 354, 

355, 362-368]. Table 21 shows several of the proposed applications and respective properties of 

interest for silica-based aerogels. 
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Table 21 - Applications for silica-based aerogels and respective properties of interest. 

Property Application 

Thermal insulator; withstands high 
temperatures; lightweight. 

Construction (super insulator); appliances insulation; space 
technology. 

Lightweight; high specific surface area. 
Support for catalysts, insecticides, propergol; chemical sensor; 

filtrating medium; adsorbent; drug carriers. 

Translucid to visible light; low 
refraction index. 

Cherenkov detectors; optical systems; daylighting; glazing; 
optical fibers. 

Low sound speed. Sound insulator. 

Elastic; lightweight. Cosmic dust collector. 

 

For many of these applications, the toxicity of the used materials is of concern. Aspects such 

as crystallinity, aggregation state and surface chemistry influence the toxicity of nanoforms towards 

any organism [369, 370]. Crystalline forms of silica are known to be toxic. Silicosis, an occupational 

disease, but also other respiratory and systemic illnesses are due to the inhalation of breathable 

particles [369, 371]. Workplace regulations limit the concentration of airborne silica particles [372, 

373] and, when handling silica particles/dusts, adequate personal protective equipment should be 

used [374]. It is consensual that amorphous silica does not cause this disease, as it is more soluble 

and its dissolution in water produces non-toxic products, hence, can be eliminated from the 

organism [375-378]. As the dissolution of nanomaterials usually implies their degradation, the less 

soluble the more toxic, in the long-term, they are [376, 379]. However, acute toxicity can be caused 

by exposure to soluble nanoforms [379]. The toxicity of silica particles is associated with the 

presence of silanol groups, but also siloxane and silica-derived radicals in the surface [369, 370, 

380] capable of releasing reactive oxygen species to the exposed cells [369-371]. The existing silanol 

groups in mesoporous amorphous silica are much less available to cells than in crystalline, non-

porous clavated silicas [381].  

Biocompatibility studies [382-392] found that silica and silica-composite aerogels have 

generally good cytocompatibility. These have also been researched for biomedical applications 

[363, 381-383, 387-395]. Furthermore, several authors concluded, by studying different amorphous 

silica nanoparticles (which can be correlated to the structural units of silica aerogels) - nonporous 

and porous and with different surface chemistry - that these are also not ecotoxic for a large 

majority of organisms that includes plants [396, 397], soil microorganisms [398, 399] and both 

marine [397, 400, 401] and freshwater species [397, 402, 403]. Nevertheless, it was observed that 

smaller particles are more toxic. 
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3.4. Tailoring Aerogels as Heavy Metal Adsorbents 

There are several characteristics sought for a good adsorbent, such as high surface area and 

porosity, stability (mechanical, chemical and thermal), high adsorption capacity, fast kinetics, low 

cost, availability and reusability [199]. Activated carbon and zeolites are very popular adsorbents. 

The application of aerogels in polluted media has been proposed due to their high specific 

surface area, low pore size, and ability to introduce specific functional groups via sol-gel chemistry. 

So, aerogels can act as adsorbents removing several contaminants from polluted media. In fact, 

silica-based aerogels have been tested for the removal of organic pollutants and heavy metals from 

aqueous environments [11, 237, 404, 405].  

There are three different approaches that can be used to modify the surface chemistry of 

aerogels: using precursors to add organic functional groups of interest, co-precursor synthesis, the 

functional groups are added prior to gelation; in liquid phase silylation, the functional groups are 

added after gelation and prior to gel drying, via reaction of a liquid precursor mixture with the solid 

gel; and in vapor phase silylation, the functional groups are added via chemical vapor deposition 

after supercritical drying of the alcogel [355, 406, 407]. Silylation is commonly used to 

hydrophobized monoliths as a way to reduce capillary forces prior to evaporative drying [406]. In 

this thesis the co-precursor method is used. When necessary, the desired organic group is obtained 

by modifying a commercial co-precursor, before sol-gel chemistry. 

For the particular case of heavy metals there are several aspects to take under consideration. 

It is necessary to use appropriate ligands in the solid to remove these ions. The ligand’s pKa and 

stability constant of the metal-ligand complex also play a key role [408]. In the liquid phase, the 

speciation of the metal cation in solution (affected by counterions and pH) and the existence of 

interfering ions are also of upmost importance. In fact, the metal ion can be found in a form not 

available for adsorption and as a result no removal of the pollutant is achieved. The pH of the 

solution affects both the speciation of the metal ion (Figure 2) and the ligand in the adsorbent, that 

can be positively charged due to adsorption of hydronium ions at pH<pKa and so, competitive 

adsorption and charge repulsion occur. Lewis bases such as ligands containing nitrogen, oxygen, 

phosphor and sulfur electron donor atoms are capable of interacting with the metal cations [409, 

410]. In fact, many materials compiled in Section 3.2. were modified with these donor atoms.  

Some ligands interact selectively with cations, favoring the complexation of one over the 

remainder. These ligands are the so-called ionophores and are commonly used to prepare 

chemosensors (that generally produce a response measurable by fluorescence or in the UV-vis 

region) or ion sensing membrane electrodes but have also been used to modify adsorbents [213, 

330-339, 411-483].  
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Both for copper and nickel, Schiff bases, crown ethers and porphyrins are the most common 

families of molecules used as ionophores. These types of molecules are generally multidentate and 

based on the presence of nitrogen or oxygen donors. Schiff bases are considered a subclass of 

imines and are obtained by a condensation reaction of a primary amine and a carbonyl precursor, 

like an aldehyde [484-486]. A schematic representation of a Schiff base is depicted in Figure 13(a). 

Schiff bases can be multidentate and include N and O, P or S donor atoms. These ligands can also 

be acyclic or macrocyclic. Salens are a type of symmetrical tetradentate Schiff base, with two 

nitrogen and two oxygen donor atoms, that have catalytic and medical applications [487, 488].  

 

Figure 13 - Schematic representation of (a) a Schiff base (R1 ≠ H), (b) a crown ether and (c) a porphyrin. 

 

Crown ethers are macrocyclic polyethers, Figure 13(b) [342, 489, 490]. Besides the oxygen 

donors, crown ethers can also be substituted with sulfur and nitrogen donors [490, 491]. There is 

generally an ethyl or propyl chain in between each donor atom but aromatic rings are also possible. 

Crown ethers are capable of strongly binding some cations [489], coordinated at the center of the 

ring by the inward facing oxygen donors.  

Porphyrins are macrocycles composed of four pyrrole subunits connected via methine bonds 

[492, 493]. Porphin, the simplest porphyrin is represented in Figure 13(c). Porphyrins and their 

derivatives are ligands found in biological systems: hemes chelate iron and chlorophylls chelate 

magnesium [493, 494]. Other biological molecules, derived from porphyrins, are known to chelate 

other metals such as nickel. Porphyrins-based materials are used as chemosensors [495]. 

The aforementioned molecules, as macrocycles, strongly bind cations, and in particular 

dications, at the center of the ring, due to the presence of the donor atoms. So, its size, the amount 

and the type of donor atoms in the molecule, as well as other factors, will affect its selectivity 

towards a particular cation.  

A literature survey of copper and nickel ionophores, ions whose recovery is relevant in this 

thesis, is presented and discussed in Annex II.  
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Of particular relevance are the studies that report the development or the modification of 

adsorbents with copper ionophores (Table II. 2). Ebraheem et al. [338] developed a polymeric resin 

based on an oxime and performed adsorption tests. Based on the obtained distribution coefficients, 

it is visible that the resin binds preferably with copper, being selective for this element. Other 

authors have also prepared modified resins [330-332] based on azoles. In these works, the 

adsorption by the resins under competitive conditions is clearly selective towards copper (over 

nickel, cobalt, zinc and cadmium) in a good range of pH values. Some azole derivates are more 

selective than others: a copper selectivity of 9 (in relation to the second most adsorbed ion) at pH 

3.4 [332] and a maximum of 2.5% of ligand sites occupied by interferents [330] are reported. 

Modified adsorbents, selectively responsive for copper, in comparison to other tested cations are 

also reported [213, 333, 334]. The selectivity was shown to vary according to pH. Dudler et al. [335] 

studied the stability constant of an azacrown ether. The authors found that the ligand’s binding is 

much stronger with copper than with other cations, a result also found in other studies [411, 412]. 

This result is still valid with the modified silica adsorbent containing this ligand, that was shown 

not to remove cobalt, zinc or nickel in the presence of copper. Azacrown ethers were also used to 

modify chitosan [336], resulting in a selective adsorption of copper in comparison to cadmium and 

lead. The amine modified silica gel prepared by Im et al. [337] was shown to be selective in mixtures 

of copper, cadmium and zinc. Polyethyleneimine grafted diatomaceous earth particles were capable 

of uptaking nearly the entirety of copper from a 1000 mg/L solution, while only 10% of nickel was 

removed [339]. Other cations (aluminum, iron, magnesium, calcium and manganese) had smaller 

uptakes than nickel. A mesoporous silica modified with a Schiff base, resulted in a material that 

selectively adsorbed copper over a wide range of cation interferents [496].  

To the best of my knowledge, no works based on modifying aerogel adsorbents with nickel 

ionophores are reported, and adsorbents with these are scarce [497-499]. Table II. 4 compiles works 

where nickel ionophores are used to prepare membrane electrodes. 

The ligands studied in this thesis, for the development of silica-based aerogels as adsorbents 

for the removal of heavy metals in contaminated water, are thiol, amine, urea and isocyanurate 

groups. For the development of selective ORMOSIL adsorbents, azole ionophores (for copper) 

and salen ionophores (for copper and nickel) were investigated.  

In this work the selectivity between species was evaluated by the ratio of their individual 

molar uptake, as described in Equation 26. 

 

𝛼A,B =  
𝑞eA

𝑞e𝐵

 (26) 
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The content of this chapter is based on the author’s published works Functionalized silica 

xerogels for adsorption of heavy metals from groundwater and soils and Efficient adsorption of multiple heavy metals 

with tailored silica aerogel-like materials. 
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Summary 

The work comprised in this chapter reports the development of tailored silica based xerogels, 

for the decontamination of heavy metal polluted environments via an immobilization strategy. The 

adsorbents remove and immobilize the cationic heavy metals found on aqueous environments. 

Thiol groups were selected to modify the silica materials due to their capability of interacting with 

the cations in solution. In addition, primary amine groups were also used in one adsorbent (AM), 

that features both amine and mercapto groups (adsorbent with double functionalization), which is 

not common. The developed materials were characterized and their performance on the sorption 

of copper, cadmium, lead and nickel was studied through batch adsorption tests. The comparison 

between aerogel and xerogel counterparts of both formulations revealed that materials derived 

from formulation M have very similar properties, while AM aerogels have very different structural 

properties from their xerogels counterparts. Nevertheless, a screening of the adsorption 

performance with copper and lead revealed that both counterparts perform identically. Thus, only 

the xerogels are fully studied as adsorbents. The adsorbent with both amine and thiol groups 

presented higher cation uptake, which was attributed to the amine groups. The equilibrium and 

kinetic studies suggest that, in general, the sorption of the cations is due to chemisorption, most 

likely through a surface complexation mechanism.  
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4.1. Experimental Procedures 

4.1.1. Materials 

Tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich), methyltriethoxysilane (MTES, 99%, 

Sigma-Aldrich), (3-mercaptopropyl)trimethoxysilane (MPTMS, 95%, Sigma-Aldrich),  

(3-aminopropyl)trimethoxysilane (APTMS, 97%, Sigma-Aldrich) were used as silica sources. 

Methanol (≥ 99.8%, VWR), ethanol (≥ 99.8%, Sigma-Aldrich), oxalic acid anhydrous (> 97%, Sigma-

Aldrich) and ammonium hydroxide (25% wt, Sigma-Aldrich) were used as solvents and catalysts for 

sol-gel chemistry. All reactants were used as received. For the cation solutions, copper(II) sulfate 

pentahydrate (> 98%, Sigma-Aldrich), lead(II) nitrate (≥ 99.0%, Sigma-Aldrich), cadmium(II) nitrate 

tetrahydrate (> 99%, Sigma-Aldrich), nickel(II) nitrate hexahydrate (crystals, Sigma-Aldrich) were 

used. Hydrated salts were dried in an oven (100 °C) until constant weight prior to utilization. For 

the back titrations, hydrochloric acid (37%, Sigma-Aldrich), sodium hydroxide (>98%, Sigma-

Aldrich), phenolphthalein 1% solution, sodium thiosulfate pentahydrate (>99.5%, Sigma-Aldrich), 

sodium tetraborate decahydrate (>99.5%, Sigma-Aldrich), iodine (resublimed, Acros Organics) and 

potassium iodide (100%, VWR) were used without further purification. High purity water was used 

in all the procedures. 

4.1.2. Preparation of Adsorbents 

The syntheses were conducted via a one-pot approach, using different co-precursors. 

Formulation M (functionalized with mercapto groups) was prepared with TEOS, MTES and 

MPTMS in a 30:40:30 mol% proportion, while formulation AM (functionalized with amine and 

mercapto groups) used TEOS, MTES, MPTMS and APTMS in a 10:60:10:20 molar percentage, 

respectively. A greener solvent for sol-gel chemistry, ethanol, was tested for both formulations but 

only formulation M could generate an alcogel within a convenient time (less than 24 hours). Thus, 

methanol was used as solvent for formulation AM. The silica precursors were mixed, under stirring, 

with the solvent (ethanol for formulation M and methanol for AM) and an aqueous solution of the 

acid catalyst (0.1 M oxalic acid). After 24 hours of hydrolysis, the basic catalyst (10 M ammonium 

hydroxide) was added to the mixture. The molar proportions of Si:solvent:acid water:basic water 

are 1:12:4:4 in formulation M and 1:25:4:4 in formulation AM. The resulting sol was homogenized, 

poured into appropriate molds, and aged. Table 22 summarizes the aging and registered gel times 

for the formulations. All the synthesis steps were conducted at 27 °C.  
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Table 22 - Summary of the gelation conditions for the prepared adsorbents. 

Formulation 
Aging Time 

/days 
Gelation  

Time 

M 5 1 h 

AM 5 30 min 

 

The aged M and AM alcogels were washed with a flow of hot methanol at high pressure 

(~130 bar). Then, they were dried in an oven using different temperature cycles (60 °C for 48 h; 

100 °C for 3 h). For comparison purposes, the alcogels were dried via supercritical fluids extraction 

with CO2 to obtain aerogels (washing step with solvent followed by continuous flow of scCO2 at 

pressures up to 150 bar at 50 °C) [500]. The aerogels and xerogels were compared to evaluate the 

impact of the drying approach in the specific surface area and removal capabilities. To test as 

adsorbents, xerogels and aerogels were milled and sieved, selecting only the particles with a size 

between 75 and 250 µm. 

4.1.3. Batch Adsorption Experiments 

Metal aqueous solutions were prepared at pH 5. The powdered adsorbent and the metal 

solution were mixed in a test flask and shaken (rotating shaker) at speed setting 16 (REAX 20, 

Heidolph Instruments) and 20 °C. All tests were conducted using an adsorbent concentration of  

2 g L−1. When the test ends, the solution is filtered, and the cation concentration in solution is 

determined via flame atomic absorption spectroscopy with an acetylene-air flame (Perkin Elmer 

3000).  

Adsorption capacity (qt or qe if equilibrium is reached, mg g−1) and the removal efficiency 

(RE%) were calculated using Equations 3 and 4, respectively, as described in Section 3.1.. 

Adsorption models were fitted to the data using non-linear regression (Levenberg Marquardt 

algorithm). The models used are described in Section 3.1.. The quality of the fits was assessed using 

Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) [501].  

Batch equilibrium tests were performed by changing the adsorbate concentration from 10 to 

500 mg L−1 and conducted for 24 h. For batch kinetic tests, contact times ranged from 5 min to  

6 hours, with an adsorbate concentration of 200 mg L−1 for copper and lead, 20 mg L−1 for cadmium 

and 50 mg L−1 for nickel. The concentrations were selected based on the pollution found on Iberian 

soils and the goals of the AeroMCatch project. The loaded adsorbent (for equilibrium tests only) 

was filtered, washed with water, dried at 60 °C and stored for further analysis. 
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4.1.4. Characterization of Materials 

The adsorbents were characterized in terms of structural properties, microstructure, 

hydrophobicity and chemical composition.  

 

Structural characterization and microstructure observation 

Bulk density (ρb, kg m−3) of the adsorbents was obtained by weighting portions of sample 

and assessing its volume: by measuring geometrically regular pieces in the three axes, or by liquid 

displacement in the case of some xerogels, due to randomness of particle shapes. Skeletal density 

(ρs) was obtained from fine powdered samples by helium pycnometry (Accupyc 1330, Micrometrics). 

Porosity was calculated by Equation 27 applying both the bulk and skeletal densities of the sample. 

The BET (Brunauer-Emmett-Teller) specific surface area (SBET, m2 g−1) was determined using 

nitrogen adsorption at 77 K (ASAP 2000, Micrometrics). The average pore size was calculated with 

Equation 28, where Vpore is obtained from Equation 29. The microstructure of the samples was 

observed with a field-emission scanning electron microscope, FE-SEM (Merlin Compact/VPCompact 

FESEM, Zeiss, Carl Zeiss Microscopy), after coating them with a conductive layer of gold by physical 

vapor deposition during 30 seconds.  

 

Porosity (%) = (1 −
𝜌b

𝜌s
) × 100 (27) 

𝐷pore =
4𝑉pore

𝑆BET
 (28) 

𝑉pore   =  
1

𝜌b
−

1

𝜌s
 (29) 

 

Chemical characterization 

Static contact angle measurements (sessile drop technique) were performed on pellets of 

compressed powdered samples (OCA 20, Dataphysics) using high purity water. C, H, N and S 

content of powdered samples was determined by elemental analysis (EA 1108 CHNS-O, Fisons) in 

order to verify the incorporation of the amine and mercapto groups into the silica structure. Silicon 

cannot be quantified via this technique and oxygen was shown to be incorrectly assessed in silica 

aerogels [502]. For comparison with the experimental results, different theoretical hypotheses were 

considered for the condensation of the precursors. These theoretical scenarios assume that the 

hydrolysis of precursor molecules is complete, and all precursor molecules react to form the gel 

backbone. The non-condensed hydroxyl groups at the ends of the network were not considered. 
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The different scenarios vary in the number of hydroxyl groups that are left unreacted, per precursor 

molecule, hence ranging from a complete condensation to an incomplete condensation where 2 

hydroxyl groups are left unreacted per precursor molecule. Quantification of total amine and 

mercapto groups was done using elemental analysis results and surface groups were assessed by 

back titration, following reported procedures [503, 504]. The elemental composition of loaded 

adsorbent samples was estimated with energy-dispersive X-ray spectroscopy, EDS (X-MaxN Silicon 

Drift EDS Detector, Oxford Instruments). Crystal structures at the surface of the loaded adsorbent were 

studied by X-ray diffraction, XRD (X’Pert, Philips) using a θ-2θ geometry (parallel beam), an 

accelerating voltage of 40 kV and a current intensity of 35 mA. The cobalt anticathode features 

Kα1and Kα2 wavelengths of 0.178896 and 0.179285 nm, respectively. 

4.2. Characteristics of the Adsorbents 

The typical aspect of the xerogels (X) of both formulations, M and AM (Table 22), as well 

as their aerogel (A) counterparts for comparison, are shown in Figure 14.  

For both formulations, the gels shrink and crack when dried via APD. The AM xerogel is 

more translucid than the M xerogel, which is related to the presence of amine groups in the AM 

formulation. These groups establish hydrogen bonding with ammonia, water and the alcohol 

leading to higher shrinkage during drying. In comparison, the aerogel samples did not shrink 

significantly; monolithic portions are obtained and are clearly white and opaque. Nevertheless, 

aerogels were difficult to dry with scCO2 due to the retention of alcohol and water by hydrogen 

bonding to amine moieties. Regarding shrinkage, formulation M does not shrink significantly when 

dried by APD, relatively to the supercritical drying. 
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Figure 14 - Photographs of M and AM xerogels (X) and aerogels (A). 

 

Table 23 shows the adsorbents density, porosity, specific surface area, pore volume and 

average pore size. Aerogel counterparts were also assessed for comparison purposes.   

 

Table 23 - Structural properties for M and AM adsorbents. 

Sample Bulk density a /g cm−3 Porosity /% SBET /m2 g−1 Vpore /cm3 g−1 Dpore /nm 

Aerogel M 0.83 25 702 ± 12 0.302 1.7 

Xerogel M 0.85 23 678 ± 7 0.271 1.6 

Aerogel AM 0.16 86 329 ± 3 5.262 64 

Xerogel AM 1.04 14 2.2 ± 0.1 0.130 237 
a Values measured by liquid displacement and should be considered indicative. 

 

Nitrogen adsorption measurements in silica aerogels are found to be difficult [505, 506], as 

even stiff samples contract and expand, influencing the adsorption of nitrogen, during the course 

of the analysis. In addition, this analysis is mostly limited to the mesopores size range, struggling 

to properly quantify micropores and most part of macropores. Consequently, specific surface area 

via BET model is correctly assessed but the quantification of pore volume is not accurate. 

Furthermore, the BJH (Barrett-Joyner-Halenda) theory to assess the pore size distribution does not 

apply well to aerogels due to the predominance of non-cylindrical pores. As such, pore volume was 

calculated through a relation between bulk and skeletal densities of the material, as explained 

before.  

Table 23 reveals that the xerogels from formulation M have a very high specific surface area, 

not very different from the ones obtained for the aerogel of the same formulation. The monoliths 
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have small pores and are mostly microporous. This porous feature justifies the so high surface area. 

In fact, both counterparts are very similar and for this reason, I concluded that the xerogels can be 

seen as aerogel-like materials. In relation to formulation AM the situation is completely different. 

The amine groups affect the sol-gel process in a way the thiol groups do not, and the former cause 

an increase in the secondary silica particle sizes and consequent decrease in surface area [507]. The 

xerogels have a very low specific surface area, even when measured with a higher amount of 

material, suggesting that this adsorbent is non-porous/macroporous and with low amount of meso 

or micropores. Given the obtained average pore diameter, the sample is essentially macroporous 

which reduced its porosity and surface area greatly, two orders of magnitude lower than its aerogel 

counterpart. It can be seen that formulation AM generates a much higher porosity than formulation 

M, by comparing the aerogels from both formulations.  

The morphology of the samples was assessed by FE-SEM and is shown in Figure 15. The 

microstructure of the xerogels is compact, with very small pores, which is again indicative of a 

significant shrinkage of the gel during APD, as already mentioned. The images reveal a meso and 

microporous texture on both adsorbents. However, for formulation AM, a small surface area was 

obtained despite this sample appearing to be porous in this SEM analysis, and very similar to sample 

M regarding this feature. The result of the surface area, not in agreement with the SEM analysis, 

may possibly be justified as follows: i) as this formulation has several organic moieties, there is a 

possibility of having a high amount of closed pores, and ii) the higher amount of MTES and lower 

content of TEOS in this formulation can make it more flexible and prone to volume variation 

during nitrogen adsorption measurement, thus giving inaccurate results by this technique. By 

comparison, the aerogel counterparts are clearly very porous, and their different microstructure is 

highlighted: A_M features small pores (slightly larger than the xerogel), while A_AM features lots 

of macropores.  
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Figure 15 - Microstructure of M and AM materials observed by FE-SEM with a 25kx magnification. 

 

The hydrophobicity of the samples is important to prevent them from degrading by exposure 

to moisture (a behavior typical of native silica aerogels), as these materials are meant to be tested 

in aqueous media. A contact angle of 124 ± 14° was obtained for adsorbent X_M and 147 ± 11° 

for adsorbent X_AM. It is evident that formulation AM is clearly more hydrophobic than 

formulation M, which was expected due to the different proportion of hydrophobic methyl groups 

added from MTES. Both formulations reveal hydrophobicity (θc >90º), which ensures their non-

degradability when exposed to moisture. The materials were immersed in water to test their 

degradation. It was found that, after 15 days of contact with water the gels did not show visual 

signs of degradation.  

The results from elemental analysis provide valuable information not only about the 

incorporation of the amine and thiol groups in the prepared adsorbents but also on the extent of 

the sol-gel reactions (incomplete or complete condensation) and are presented in Table 24.  
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Table 24 - Theoretical and experimental percentages of C, H, N and S chemical elements in M and AM 
xerogel samples. 

Xerogel Hypothesis wt% C wt% H wt% N wt% S 

M 

Complete condensation 18.8 4.0 0.0 11.6 

Incomplete condensation 1 OH 17.0 4.7 0.0 10.5 

Incomplete condensation 2 OH 15.5 5.3 0.0 9.5 

Experimental 19.6 4.1 0.3 9.6 

AM 

Complete condensation 22.2 5.1 3.5 4.0 

Incomplete condensation 1 OH 20.0 5.7 3.1 3.6 

Incomplete condensation 2 OH 18.2 6.2 2.8 3.2 

Experimental 18.5 4.8 3.3 3.7 

 

For formulation M, the experimental mass percentages corresponding to carbon and 

hydrogen are closer to the theoretical values of complete condensation. There is also some trace 

amount of nitrogen probably due to residues of the ammonia catalyst. The amount of sulfur in the 

sample is somewhat lower than predicted. These results suggest that the mixture that composes 

formulation M has undergone complete (or near complete) condensation but probably not all the 

MPTMS could link to the silica backbone. For formulation AM, the carbon, nitrogen and sulfur 

experimental percentages reveal an incomplete condensation, when compared to theoretical 

hypothesis, between complete condensation and 2 OH, but uncertain. Hydrogen is the only 

element that does not follow this trend, but its low atomic weight gives rise to higher inaccuracy. 

So, it can be concluded that, in general, for this formulation the sol-gel reactions were not complete. 

Table 25 presents the total and surface functional groups relevant for heavy metal adsorption 

(i.e., amine and mercapto) quantified via elemental analysis and back titration, respectively.  

 

Table 25 - Total and surface amine and mercapto groups on the xerogel adsorbents.  

Xerogel 

Total groups by elemental analysis 
(mmol g−1) 

Surface groups by back titration  
(mmol g−1) 

Amine Mercapto Sum Amine Mercapto Sum 

M -- 2.99 2.99 -- 0.231 ± 0.000 0.23 

AM 2.08 1.15 3.23 0.71 ± 0.01 0.207 ± 0.003 0.92 

 

The amount of total functional groups is in line with the composition of the prepared sol. 

Furthermore, the total amount of functional groups, quantified via elemental analysis is similar in 

both adsorbents - Table 25. This was expected, as these were prepared with the same total molar 

percentage (30%) of these groups. Table 25 shows that the amount of surface groups is much lower 

than the total amount of groups present throughout the sample, meaning that not all functional 

groups seem to be accessible for adsorption. Furthermore, it appears that not all thiol groups added 

to formulation M xerogels are actually available at the surface of the adsorbent, as the quantified 

amount of surface groups does not significantly vary between formulation M (with 30%) and 
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formulation AM (with 20%).  It should be noted that the quantification via back titration is limited 

because it relies on the ability of the analyte to react with the functional groups. This is of course 

influenced by the adsorbent’s morphology/homogeneity, high hydrophobicity, contact time and 

mixing level.  

4.3. Adsorption Performance of Xerogel and Aerogel 

Counterparts 

The pH of the starting adsorbate solutions was shown to be within a range for which the 

adsorption of these heavy metals is maximized for different adsorbents, since the cations are 

available in solution (in free state - Figure 2) for adsorption [8, 10, 315, 508, 509]. It is worth noting 

that at low pH values, competitive adsorption occurs between hydronium and metallic ions and 

the active sites become positively charged, while at high pH values precipitation of metal 

hydroxides can induce high removals. Figure 16 represents the effect of the initial pH on the 

adsorption performance of different adsorbents [239, 296]. Faghihian et al. [315] reports a similar 

behavior to that of Figure 16a) on an amine functionalized silica aerogel. 

To select between aerogel and xerogel counterparts to use as adsorbents, the adsorption 

performance of both aerogel and xerogel counterparts of formulation AM were tested for copper 

and lead. These results can be found on Table 26 and Figure 17. These two cations were selected 

to screen the adsorbents due to their high concentration on soils in the Iberian Peninsula, relevant 

in the AeroMCatch project. Since formulation M generates counterparts with very similar properties, 

in this case the xerogel was selected as is easier and less expensive to produce.  

 

Figure 16 - Effect of pH on adsorption performance reported by (a) Dinh Du et al. [296] on amine 
functionalized MCM-41. Copyright 2019 Pham Dinh Du et al..; (b) Fan et al. [239] on disulfide bridged silica 
xerogel Reprint with permission from Springer Nature.  

https://en.wikipedia.org/wiki/Hydronium
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Table 26 - Copper and lead uptake for AM aerogel and xerogel counterpart (C0 = 500 mg L−1, 24 h). 

Sample Copper qe (mg g−1) Lead qe (mg g−1) 

Xerogel AM 140 ± 1 125 ± 35 

Aerogel AM 117 ± 3 165 ± 2 

 

Figure 17 - Adsorption isotherms of (a) copper and (b) lead on AM counterparts. 

 

Table 26 and Figure 17 clearly shows that the AM aerogel and xerogel counterparts are not 

very different when it comes to their heavy metal removal performance. This happens despite the 

clear different structural properties between counterparts of this formulation. This confirms that 

the surface area obtained for the AM xerogels is not reliable. In addition, the adsorbents used in 

the adsorption tests were milled and sieved, and this may have attenuated the difference of the 

specific surface areas when compared to those measured by N2 adsorption in monolithic portions 

of sample. The grinding step possibly also enhanced the exposure of the functional groups to the 

metals. Thus, the number of functional groups accessible to the metals in solution did not have a 

limiting effect even with the structural changes originated by the drying conditions. As such, the 

xerogels were the selected material type for these adsorbents, making their production cheaper and 

easier. From herein, in this chapter, for the sake of simplicity, the designation X is not used for the 

adsorbents as all samples are xerogels.  

4.4. Adsorption Kinetics  

To interpret the results of the kinetic tests, kinetic models were fitted to the data regarding 

the sorption of Cu(II), Pb(II), Cd(II) and Ni(II) onto M and AM xerogels. These are shown in 

Table 27 and Figure 18. For the sake of simplicity, only the best model is represented in the graphs. 
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Table 27 - Adsorption model fit parameters for sorption kinetics on M and AM adsorbents. 

 
Pseudo-first order (PS1) Pseudo-second order (PS2) 

Exp. qe 

/mg g−1 k1 
/h−1 

qe 

/mg g−1 
AIC a BIC b 

k2
 

/g mg−1 h−1 
qe 

/mg g−1 
AIC a BIC b 

M Cu 7.3 58.0 33.1 20.4 0.278 60.2 32.2 19.6 66.8 

AM Cu 17.5 68.8 28.5 15.9 0.454 71.7 19.1 6.4 81.5 

M Pb 8.5 23.7 23.0 14.9 0.441 26.1 20.3 12.1 40.7 

AM Pb 1.8 30.3 25.3 17.2 0.056 34.8 20.8 12.6 68.9 

M Cd 10.9 6.4 21.2 −4.0 3.4 6.7 17.0 −8.2 7.7 

AM Cd 3.1 4.8 −2.6 −15.2 0.7 5.5 0.0 −12.6 3.4 

M Ni 38.7 10.3 1.6 −6.5 9.7 10.5 −5.7 −13.8 10.6 

AM Ni 9.9 10.6 7.0 −5.6 1.8 11.0 −0.8 −13.4 15.2 
a Akaike Information Criterion (AIC); b Bayesian Information Criterion (BIC). 

 

Figure 18 - Sorption kinetics for (a) copper, (b) lead, (c) cadmium and (d) nickel on M and AM adsorbents. 

 

Figure 18 shows that the adsorption process occurs in one step, is fast in the beginning for 

all situations and equilibrium is usually reached after one hour. In some cases though, the 

equilibrium is not completely reached after a few hours and so the adsorption process continues 
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slowly. The results in Figure 18 and Table 27 show that the sorption kinetics usually follows the 

pseudo-second order model, meaning that the process is limited by the surface reactions. 

Consequently, chemisorption is most likely occurring. The exception to this trend occurs for the 

adsorption of cadmium onto AM, situation in which the adsorption seems to be controlled by the 

bulk concentration as evidenced by the fitting quality of the pseudo-first order model. For the case 

of M-Cu system, both quality criterion (AIC and BIC) are very similar and so both models describe 

the data properly [510, 511]. The pseudo-second order model was chosen because it was in 

agreement with the respective isotherm (Section 4.5.), suggesting a chemisorption mechanism 

[512].  

4.5. Adsorption Isotherms 

The adsorption isotherm curves of the four studied metals are represented in Figure 19. For 

the sake of simplicity, only the best fitting model is represented in the graphs. The fitting parameters 

are compiled in Table 28. It is clear that both adsorbents interact very well with the tested cations, 

achieving better uptakes than most silica-based materials in Table 19. Formulation AM generated 

xerogels that adsorb more of these ions than the ones of formulation M (experimental qe values in 

Table 28), despite the measured much lower surface area for AM xerogels when compared to M 

xerogels.  

 

Table 28 - Adsorption model fit parameters for sorption isotherms on M and AM adsorbents. 

 
Langmuir model Freundlich model max 

qe exp 
/mg g−1 

qmax/ 
mg g−1

 

KL x 103/ 
L mg−1 

AIC 
a 

BIC 
b 

1/nF 
KF / 

mg g−1 (L mg−1)1/n
F 

AIC 
a 

BIC 
b 

M Cu 109.8 26.4 44.4 36.3 0.3 17.7 30.6 22.5 99.3 

AM Cu 172.5 20.0 39.5 26.9 0.5 12.3 44.3 31.6 139.9 

M Pb 52.2 25.0 34.2 26.1 0.3 8.0 31.0 22.8 48.0 

AM Pb 127.3 36.3 51.2 43.0 0.3 20.2 41.8 33.7 125.0 

M Cd 150.3 4.9 27.1 18.9 0.6 2.8 21.1 12.9 91.5 

AM Cd 1060 0.41 28.9 16.2 1.0 0.48 30.0 17.3 109.3 

M Ni 112.8 4.0 20.6 8.0 0.6 1.7 26.0 13.4 67.1 

AM Ni 90.2 12.9 24.1 15.9 0.5 5.1 38.5 30.4 72.7 
a Akaike Information Criterion (AIC); b Bayesian Information Criterion (BIC). 
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Figure 19 - Sorption isotherms for (a) copper, (b) lead, (c) cadmium and (d) nickel onto M and AM 
adsorbents. 

 

The interaction of the xerogels with the cations is explained by different models depending 

on the adsorbate. Copper removal by adsorbent M is modeled by the Freundlich equation 

(Equation 15), whilst for AM the Langmuir model (Equation 13) shows the best fit. Lead and 

cadmium sorption follows the Freundlich trend for both adsorbents, while nickel sorption is 

modeled by the Langmuir isotherm. To most of these cases, in the evaluated concentration range, 

the obtained parameters reveal that monolayer sorption prevailed, as even the Freundlich equation 

shows that cooperative sorption does not occur. Thus, it can hypothesized that the adsorption is 

due to the interaction at active surface sites, the surface thiol and amine groups [205, 206, 212-217], 

with chemisorption (inner-sphere complexation) likely behind the adsorbent-adsorbate 

interactions. The notable exception to this conclusion is the case of cadmium sorption with 

adsorbent AM, for which Figure 19(c) shows a linear trend - Henry’s law. Although the AIC and 

BIC criteria suggest that the Langmuir model fitted better to the experimental points, the obtained 

Langmuir parameters do not make much physical sense. It seems that there are no specific 
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adsorbent-adsorbate interactions in this situation, and the observed removal is due to the presence 

of the solid adsorbent and the filling of its pores with the liquid phase.  

The results obtained with the several cations do not allow to draw a conclusion regarding the 

homogeneity of the adsorbents’ surface: it can be considered homogenous, when the Langmuir 

model fits to the data, or with different degrees of heterogeneity, when the Freundlich model fits 

better the data, with a higher heterogeneity in the interactions with lead - Table 28. 

The KL (for nickel) and KF (for lead) values shown in Table 28 reveal a bigger affinity of 

adsorbent AM for the adsorbates, which translates into higher metal uptakes. In fact, AM adsorbent 

is more efficient than adsorbent M, even if marginally. This is consistent with the predictions by 

the HSAB theory: for copper and lead the presence of the amine groups made the adsorbent much 

more efficient for these borderline (hardness between 8 and 9 eV [409]) acids. For the remaining 

situations, the mercapto groups seem to be the ones that interact preferably with the cations, as the 

adsorption capacities did not increase significantly with the addition of the amine groups. This 

interaction between adsorbent and adsorbate occurs in the form of coordination bonds, by a 

surface complexation mechanism, as found in previous studies [205, 206, 212-217]. A different 

silica material, featuring both mercapto and amine groups, did not show the adsorption 

performance obtained by these new adsorbents [513].  

The loaded adsorbent from the isotherm studies (only for adsorbent AM and for a metal 

concentration of 500 mg L−1) was collected, dried and its microstructure and approximate chemical 

composition was investigated by FE-SEM and EDS. The microstructure and elemental chemical 

compositions of the particles are presented in Figure 20. This figure reveals visible structures in the 

surface of the adsorbent particles. For copper and lead these cover the majority of the surface 

forming a sort of layer. EDS reveals that these structures are where the heavy metal is located. This 

observation could be explained by the metal precipitation on the surface of the solid particles when 

the aerogel is being dried after being recovered from the adsorption experiment. If this is not the 

case, the SEM micrographs reveal that precipitation also comes into play during the sorption 

process [204, 514]. The amount of metal adsorbed should not be visible in SEM images and it 

could be very hard to quantify via EDS. Furthermore, although the test parameters (most 

importantly pH) are optimized not to favor precipitation, the mechanism of removal is always hard 

to determine. For every metal analyzed, the morphology of the crystals is different, which is 

expected.  

In copper and lead loaded AM samples, the xerogels’ surface was coated by a significant 

amount of metal precipitates. To have an insight on their origin, these samples were analyzed by 

XRD. The XRD patterns for copper and lead loaded adsorbent are found in Figure 21. Crystalline 
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phases associated with copper and lead salts were found, evidencing that these structures are likely 

to be precipitates formed during sample drying. 

 

Figure 20 - SEM micrographs and approximate composition by EDS, assessed on the marked region, of 
adsorbent particles after adsorption: (a) Cu; (b) detail of Cu salts; (c) Pb; (d) detail of Pb salts; (e) Cd; (f) 
detail of Cd salts; (g) Ni; (h) detail of Ni salts.  
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Figure 21 - XRD patterns of the sample AM after adsorption of Cu and Pb. 

4.6. Conclusion 

Two different formulations were prepared and studied on this Chapter: formulation M, with 

thiol groups (sulfur electron donor atom) and formulation AM, with both thiol and amine groups 

(sulfur and nitrogen electron donor atoms). The introduction of the Lewis bases in the matrix of 

silica aerogels successfully allowed them to interact with dissolved cations and adsorb them.  

The amine groups in the silica matrix increased adhesion forces between the gel’s solid and 

liquid phases, resulting in the densification and collapse of the xerogel sample, compared to its 

aerogel counterpart. The differences in physical and structural properties did not significantly affect 

the adsorption capacity of both counterparts of this formulation. The surface chemistry 

modification with thiol groups did not cause major variations in structural properties between 

aerogel and xerogel counterparts.  
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The xerogels of both formulations were thus studied in more detail through kinetic and 

equilibrium adsorption tests. The sorption of the cations is fast, as equilibrium is usually achieved 

after one hour. Apart from the sorption of Cd onto AM, the process seems to be controlled by the 

surface reaction. The batch equilibrium studies revealed that adsorbent AM sorbs more cation than 

adsorbent M across a wide range of concentrations, and that this process occurs as a monolayer. It 

is also suggested that there is more affinity for AM than M, which leads to believe that amine 

groups (or nitrogen electron donors) are more efficient in this application than thiol groups. Lastly, 

the adsorption process occurs by the complexation of the cations on active surface sites that 

correspond to the Lewis bases functional groups.  
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Chapter 5  
Silica-Based Aerogel Adsorbents with 

Nitrogen-Containing Groups 
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Part of this chapter is based on the author’s published works Amine modification of silica 

aerogels/xerogels for removal of relevant environmental pollutants and Silica Aerogels/Xerogels Modified with 

Nitrogen-Containing Groups for Heavy Metal Adsorption. 
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Summary 

The work presented in this chapter is focused on the synthesis of silica-based aerogels and 

xerogels modified with different nitrogen containing groups. Given the conclusion found in the 

previous chapter, the efficiency of nitrogen electron donors is further investigated by using an 

amine modified silica matrix and comparing it with adsorbent M and a material with no Lewis base 

functional groups. This investigation led to the study of more functional groups, namely primary 

amines, secondary amines, urea and isocyanurate. The goal is to assess the importance of the 

functional group on the usability of silica-based aerogels as heavy metal adsorbents rather than 

solely evaluating the fitness of one modified material.  

The structural effect of the amine modification of silica on ambient pressure dried gels is 

already known from the previous chapter, and so, in this chapter supercritical drying and its impact 

on the materials’ surface chemistry is also evaluated. 

The non-modified and the differently modified silica-based aerogels and xerogels are 

characterized and the sorption performance of the counterparts of the different formulations is 

evaluated in preliminary adsorption tests and discussed. The effect of different test conditions on 

the batch adsorption of the cations is also evaluated. Three samples are selected, and their sorption 

behavior of cations is studied in depth with single cation solutions. Competitive adsorption with 

binary mixtures is also evaluated with selected samples.   

It is verified that the aerogel adsorbent with the combined amine precursors, containing 

primary and secondary amines, performs the best in single-cation solutions. However, the 

estimated thermodynamic adsorption parameters reveal weak interactions between aerogel and 

cations. When tested in binary mixtures this sample showed selective towards copper, and its 

selectivity is maximized at six hours of contact time. Copper can be desorbed from this sample 

successfully, however, this procedure degrades the matrix which in turn decreased the adsorption 

performance after one regeneration cycle. Thus, an adsorbent that can remove multiple cations in 

solution (multipurpose solution) or selectively remove copper and enable its recovery was obtained.  
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5.1. Experimental Procedures 

5.1.1. Materials 

Methyltriethoxysilane (MTES, ≥99%, Sigma-Aldrich), tetraethylorthosilicate (TEOS, 98%, 

Sigma-Aldrich), (3-aminopropyl)trimethoxysilane (APTMS, ≥97%, Sigma-Aldrich), 

N1-(3-trimethoxysilylpropyl)diethylenetriamine (AAAPTMS, technical grade, Sigma-Aldrich),  

1-[3-(trimethoxysilyl)propyl]urea (UPTMS, 97%, Sigma-Aldrich) and  

tris[3-(trimethoxysilyl)propyl]isocyanurate (TTMSI, >95.0%, Fluorochem) were used as silica 

sources. Methanol (99.8%, VWR International) and ethanol (≥99.8%, Fisher), anhydrous oxalic acid 

(≥99%, Sigma-Aldrich) and ammonium hydroxide (25% NH3 in H2O, Sigma-Aldrich) were used as 

solvents and catalysts for sol-gel chemistry. Heavy metal solutions were prepared using copper(II) 

sulfate pentahydrate (> 98%, Sigma-Aldrich) (for the study in 5.2 only), copper(II) nitrate 

hemipentahydrate (p.a., Chem-Lab), lead(II) nitrate (≥99.0%, Sigma-Aldrich), cadmium(II) nitrate 

tetrahydrate (≥99.0%, Sigma-Aldrich) and nickel(II) nitrate hexahydrate (crystals, Sigma-Aldrich). 

Nitric acid (65%, Fisher) was used to adjust the solutions’ pH. Hydrochloric (analytical grade, 37%, 

Fisher) and nitric acids and sodium hydroxide (pellets, EKA Chemicals) were chosen as desorption 

agents. All reactants were used as received. High purity water was used whenever needed.  

5.1.2. Preparation of Silica-based Adsorbents 

Six different formulations were prepared, mixing different co-precursors. These, as well as 

their nomenclature is described in Table 29.  

Organically modified silica aerogels (denoted by A) and xerogels (denoted by X) were 

prepared by mixing the precursors in methanol and, then an aqueous oxalic acid solution (0.1 M) 

is added to enhance the hydrolysis of precursors. This solution is maintained in an oven at 27 °C 

during 24 h. Subsequently, an aqueous ammonium hydroxide solution is added to the previous 

mixture and the sol is left to gel and age. Gelation time varies from a few minutes to a couple of 

hours. The Si:solvent:acid water:basic water ratios were kept at 1:12:4:4. To prepare aerogels, 

gelation and aging occurred in cylindrical polypropylene molds and the samples were washed with 

hot ethanol followed by supercritical drying with CO2 (5 g min−1 at 150 bar and 50 °C for 60 min). 

To prepare xerogels, the alcogels were dried in an oven at 60 °C for three days. The 

condensation/gelation conditions were adjusted to obtain cohesive gels. These conditions are 

summarized in Table 30, along with the registered gel times. To be used as adsorbents, xerogels 

and aerogels are milled and sieved, selecting only the particles with a size between 75 and 250 µm. 
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Table 29 - Aerogel/xerogel functional groups and samples nomenclature. 

Functional Groups 
Molar Composition (%)  

of the Precursor System (a) 
Xerogel Aerogel 

Ref. material (without N-
containing groups) 

62.5%MTES/37.5%TEOS X_B A_B 

3-Aminopropyl (A) 

50%MTES/30%TEOS/20%APTMS X_A A_A 

Propyl diethylenetriamine (3A) 

50%MTES/30%TEOS/20%AAAPTMS X_3A A_3A 

3-Aminopropyl (A) + propyl 
diethylenetriamine (3A) 

50%MTES/30%TEOS/10%APTMS 
/10%AAAPTMS 

X_A+3A A_A+3A 

Propyl isocyanurate (TRIS) 

50%MTES/30%TEOS/20%TTMSI X_TRIS A_TRIS 

γ-Ureidopropryl (U) 

50%MTES/30%TEOS/20%UPTMS X_U A_U 

 

Table 30 - Summary of the adjusted condensation/gelation conditions for the synthesis of nitrogen-
modified aerogels and xerogels. 

Formulation 
[Base] 

/M 
Aging Time 

/days 
Gelation  

Temperature/°C 
Gelation  

Time 

B 1 6 27 2 h 

A 1 6 27 10 min 

3A 1 1 60 30 min 

A+3A 1 6 27 30 min 

TRIS 10 6 60 20 min 

U 10 6 27 2 h 

5.1.3. Batch Adsorption Experiments 

The powdered adsorbent and the cation solution are mixed in a test flask, that is shaken in a 

rotating stirrer at speed setting 16 (REAX 20, Heidolph Instruments) or, in a ProBlot 6 Hybridization 

Oven (Labnet International), for the case of the thermodynamic tests. When the test ends, the 

solution is filtered, and the concentration of the filtrate is determined by flame atomic absorption 

spectroscopy (AAS) with an acetylene-air flame (939 AAS, Unicam). 

Adsorption capacity (qt or qe if equilibrium is reached, mg g−1), removal efficiency (RE%) and 

model fitting were computed in the way described in Section 4.1.3.. 

Initial screening of adsorbents (Sections 5.2. and 5.5.) was performed at pH5, with an 

adsorbent dose of 2 g L−1, at 20 °C and 24 h of contact time, for equilibrium tests, or as a function 

of time for kinetic tests. Commercial activated carbon (activated charcoal suitable for cell culture, 
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Sigma-Aldrich) was also tested for comparison purposes. Afterwards, the effect of different test 

parameters on the adsorption performance was studied using A_A adsorbent: initial adsorbate 

solution pH was varied between 4 and 5 and adsorbent concentration ranged from 2 to 10 g L−1. 

pH 4 and 2 g L−1 of adsorbent concentration were selected for the subsequent experiments. Three 

adsorbents were selected to study in depth with batch isotherm and kinetic tests (A_A, X_3A, 

A_A+3A).  

Batch equilibrium tests were performed by changing the adsorbate concentration from 20 to 

500 mg L−1 and conducted for 24 h. For batch kinetic tests, contact times ranged from 1 min to  

24 hours, with an adsorbate concentration of 200 mg L−1. These tests were conducted at 20 °C. 

Thermodynamic tests were conducted with the same 200 mg L−1 adsorbate concentration, and with 

a temperature range of 25-45 °C for 24 hours on adsorbent A_A+3A. The loaded adsorbent (for 

equilibrium tests only) was filtered, washed with water, dried at 60 °C and stored. 

The effect of different adsorbates was also assessed with binary mixtures of cations, of equal 

mass concentration of 100 mg L−1, in batch kinetic tests. Contact times ranged from 5 min to  

24 hours. The selectivity (α) between the different cations was calculated by the ratio of the molar 

uptake capacity, using Equation 26. 

5.1.4. Desorption Tests and Metal Recovery 

The desorption of cations from A_A+3A and this aerogel’s regeneration were studied. The 

tests were conducted by shaking (rotating shaker) the loaded adsorbent in the desorption solution. 

The desorption agents tested were hydrochloric acid, nitric acid and sodium hydroxide. Initial tests 

were conducted with a particle concentration of 6.7 g L−1 and a desorption solution concentration 

of 0.5 and 1 M. These desorption experiments were conducted for 3 hours. To quantify the effect 

of the test parameters on the desorption efficiency, higher contact times (6, 15 and 24 h) and a 

higher volume of desorption solution (particle concentration of 2.2 g L−1) were also studied. Heavy 

metals concentrations in the desorption solution were determined by AAS. 

For adsorption/desorption cycles of copper, after sorption, the loaded adsorbent was 

regenerated with 1 M HCl, washed thoroughly and dried. The process was repeated until adsorption 

performance dropped considerably. Recovery of copper from the HCl solution was achieved via 

electrodeposition (Axiomet AX-3005ds), using an electric potential of 2.4 V and two graphite 

electrodes. The process lasted a total of 40 minutes, with the cathode being cleaned every  

10 minutes. Recovery was calculated using copper concentration in solution determined by AAS. 

The composition of the regenerated adsorbent was studied by FTIR and elemental analysis. 
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5.1.5. Characterization of Materials 

The adsorbents were characterized in terms of structural properties, microstructure, and 

chemical composition. These were assessed as already described in Section 4.1.4.. 

To evaluate the effect of supercritical carbon dioxide on the surface groups of the materials, 

solid state NMR was used to assess the formation of carbamate groups in sample A_A. Solid NMR 

experiments were performed in a NEO-750 (Bruker) spectrometer equipped with a T3 solid probe 

(operating at a proton resonance frequency of 750 MHz and using a zirconia rotor of an outer 

diameter of 3.2 mm). Carbon chemical shifts were referenced to the carbon methine signal of solid 

adamantane at 28.92 ppm. The 13C Cross Polarization Magic Angle Spinning (1D 13C CPMAS) 

experiment was calibrated with a glycine sample. The 1D 13C CPMAS spectrum of the samples was 

carried out with a contact time of 2 ms. During cross polarization, the field strength of the carbon 

pulse was set constant to 49.7 kHz and that of the 1H pulse was applied with 51 kHz with a linear 

ramp (ramp70100.100 in the Bruker library). The inter-scan relaxation delay was 2 s, the MAS rate 

was 20 kHz. Heteronuclear decoupling during acquisition of the FID was performed with 

SPINAL-64 with a proton field strength of 108.6 kHz. The number of scans was 2048 and the 

total measurement time of the spectrum was ca. 1 h. 

Infrared spectra (FT/IR 4200, Jasco) of the samples were obtained by using KBr pellets, with 

a wavenumber range from 4000 to 400 cm−1, 128 scans and a resolution of 4 cm−1. 

Thermogravimetric analysis (TG 209F3, NETZSCH) was performed in a nitrogen environment 

from ambient temperature to 1000 ºC and a heating rate of 10 ºC min−1. 

5.2. Investigation on the Adsorption Performance 

Advantage of Amine Groups 

Overall, the analysis of the materials in Chapter 4 allowed to conclude that amine groups are 

in fact very efficient in adsorbing heavy metals, as it was indicated by the HSAB theory and verified 

by the superior efficiency of the AM adsorbent. However, it should be stressed that these did not 

seem to be advantageous in all situations studied in the previous chapter, as the performance 

improved marginally for some cases. Although, if the amine groups weren’t able to interact with 

all the previously tested cations, reducing the thiol groups from 30 to 10% would cause a serious 

decrease in sorptive performance of AM, which did not occur. In order to investigate the sorptive 

performance of amine groups towards metallic cations, two new formulations were introduced: A 

and B, described in 5.1.2.. A and B xerogels were tested with copper and lead to understand the 

efficiency of amine over thiol groups. The results are shown in Table 31 and 32 and Figure 22 and 

23.  
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The two prepared absorbents led to contrasting results: formulation B removes very small 

amounts of pollutant (when used for copper, the adsorption follows a random pattern), while 

adsorbent A has very high affinity towards the cations. Because formulation B has no Lewis bases 

functional groups, besides silanol, it was not expected to uptake cations in a significant amount. 

The isotherm analysis confirmed this prediction, validating the upmost importance of the presence 

of amine groups in the prepared adsorbent. The highest amount of adsorbed copper and lead on 

adsorbent A is, curiously, the same in mass (Table 31). However, the adsorbent does not interact 

similarly with both cations. In fact, assuming that the most relevant interactions occur between the 

metal ions and the amine non-bonding electrons, the charge density of Pb(II) is much lower that 

of Cu(II) as a consequence of their ionic radii (Table 2), making lead more easily sorbed. 

For the adsorption of copper, the Freundlich isotherm described the data better than the 

Langmuir model. On the other hand, the Langmuir model fits the lead adsorption more accurately 

in the absence of amine groups, while the Freundlich equation is more appropriate for adsorbent 

A (Table 31). Both models (considering the obtained parameters) suggest that chemisorption is the 

mechanism characterizing both pollutants. The Freundlich model reveals that adsorbent A is fairly 

heterogenous and that the interactions toward lead are stronger, suggested by KF values. 

 

Table 31 - Adsorption models fit parameters for sorption isotherms on B and A xerogels. 

 
Langmuir model Freundlich model max 

qe exp 
/mg g−1 

qmax 

/mg g−1 
KL x 103 

/L mg−1 
AIC 

a 
BIC 

b 
1/nF KF /mg g−1 (L/mg)1/n 

AIC 
a 

BIC 
b 

B Cu c) c) c) c) c) c) c) c) 14.8 

A Cu 137.5 25.3 43.9 35.8 0.4 14.5 21.9 13.8 124.2 

B Pb 24.9 78.5 34.6 9.4 0.3 5.6 38.9 13.7 24.0 

A Pb 128.5 96.9 56.8 48.7 0.2 45.7 50.5 42.3 124.2 
a Akaike Information Criterion (AIC); b Bayesian Information Criterion (BIC); c) The adsorption capacity 
is negligible or residual. 

 

Figure 22 - Isotherm curves for (a) copper and (b) lead adsorption on B and A xerogels. 
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Because the adsorption of copper with sample B is residual, no kinetic test was done for this 

case. For the adsorption of lead with xerogel B, the pseudo-second order model was selected, to 

be in agreement with the isotherm result since AIC and BIC indicate that both models seem to be 

appropriate [510, 511]. Furthermore, when silica aerogels [315, 515] or ordered mesoporous silica 

[205] are used for different pollutants, the adsorption process is usually described by the pseudo-

second order model. The pseudo-second order model fitted to the data the best in the remaining 

situations. For A and B’s adsorption of copper and lead, the process is fast at the beginning, but 

the equilibrium is not reached, in the time range considered, which can justify the significant 

differences between the experimental and model equilibrium uptake. These results have some 

similarities with those obtained for M and AM adsorbents. This observation can be an indication 

that the amine groups became less available for adsorption after an initial uptake, hence the process 

becomes slower. In lead removal, adsorbent A has a significantly lower value of k2 than B.  

 

Table 32 - Adsorption model fit parameters for sorption kinetics on B and A xerogels.   

 
Pseudo-first order (PS1) Pseudo-second order (PS2) 

Exp. qe 

/mg g−1 k1 
/h−1 

qe 

/mg g−1 
AIC BIC 

k2
 

/g mg−1 h−1 
qe 

/mg g−1 
AIC BIC 

A Cu 1.8 17.4 18.2 5.6 0.10 20.6 13.8 1.2 70.2 

B Pb 20.2 23.7 2.7 −9.9 2.2 24.3 3.7 −8.9 24.0 

A Pb 1.3 25.8 20.1 11.9 0.04 32.7 15.8 7.8 88.2 

 

Figure 23 - Kinetic curves for (a) copper and (b) lead adsorption on B and A xerogels. 

 

From the equilibrium and kinetic studies, it is clear that amine groups are very efficient in 

removing the tested heavy metals. With amine groups only, a high removal was obtained for copper 

and lead. Table 33 compares the removal of copper and lead by M and A adsorbents. These results 

show that only 20% of amine groups are more effective than 30% of thiol groups in this 
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application, with adsorbent A having better removals in all evaluated initial concentrations. It can 

be concluded that amine groups are, in fact, better than thiol ones for the adsorption of these 

cations, and that a small amount of these groups is sufficient to achieve interesting results. As such, 

amine groups are further studied in this chapter.   

 

Table 33 - Removal efficiency of copper and lead on M and A adsorbents.  

 
Removal Efficiency (%) 

C0 = 50 mg L−1 C0 = 100 mg L−1 C0 = 200 mg L−1 

M Cu 97 ± 1 78.3 ± 0.7 66.8 

A Cu 94.1 ± 0.4 86.0 ± 0.5 70 ± 3 

M Pb 70 ± 6 48.9 ± 0.0 40.7 

A Pb 100.0 ± 0.0 100.0 ± 0.0 88.2 ± 0.5 

5.3. Effect of scCO2 on Surface Groups 

Carbamates are formed from the reaction of carbon dioxide and amines at low temperatures 

[516]. In fact, adsorption of CO2 with amine modified materials at temperatures close to that of 

the critical point of carbon dioxide is reported elsewhere [516-518]. As such, during supercritical 

drying with CO2, the formation of carbamates is a possibility and would require an additional step 

of regeneration of amine groups in the adsorbent via desorption of CO2. The formation of 

carbamates was studied by solid state 13C CP-MAS NMR for sample A_A and its result is shown 

in Figure 24.  

 

Figure 24 - 13C CP-MAS NMR spectra for sample A_A. 
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As it is revealed by Figure 24, the only peaks visible in the 13C CP-MAS spectra are associated 

with the methyl (−3.6 ppm) and aminopropyl (9.8, 27 and 43 ppm) groups, and there is no peak 

associated with the carbamate bond (~150 ppm) [519]. Thus, it can be concluded that the 

supercritical drying methodology employed does not alter the adsorbent’s surface chemistry and 

can be used to produce aerogels with nitrogen-containing groups. 

5.4. Synthesized Adsorbents and Characterization 

Photographs from the synthesized aerogels and xerogels are depicted in Figure 25. The 

differences observed from the analysis of different samples are mainly due to the aerogel and 

xerogel counterparts. All xerogels have shrunk considerably and feature a semi-translucid, glassy 

aspect. Samples X_B, X_TRIS and X_U did not break into small fragments, retaining some 

monolithic structure. Formulation 3A has generated aerogels that differ significantly from the 

remaining ones. In fact, these were the most difficult gels to dry using supercritical carbon dioxide 

(scCO2). The remaining aerogels are very similar and completely white.  

It was observed that the introduction of amine functional groups on the solid matrix 

hindered the solubility of the liquid phase of the gel on scCO2. This was attributed to a higher 

retention of water  (weakly soluble in scCO2 at low temperatures [520]) via hydrogen bonding. This 

situation has been overcome by employing long washing steps on the gel. 

 

Figure 25 - Photographs of the prepared modified aerogel and xerogel adsorbents. 

 

The visual differences revealed by Figure 25 are further complemented by the physical 

properties reported in Table 34. In a general way, aerogels are one order of magnitude lighter and 

more porous. It was not possible to report all properties of samples X_3A and X_U, in particular 

those related with surface area and porosity, due to the lack of reliability of the obtained data. The 

contraction of aerogels during nitrogen adsorption [506], could have inhibited the exposure of 

pores, in particular for these samples of complex and closed structure. Additionally, these samples 
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could be mainly microporous and with low surface areas, limiting its assessment given the test 

conditions [521, 522]. The difficulty in obtaining the porosity value in sample X_U comes from 

the limited way of approximating bulk density, being overestimated.  

The presence of a primary amine or isocyanurate groups in samples A_A/A_A+3A and 

A_TRIS, respectively, did not alter the bulk density, porosity and pore volume greatly in 

comparison with sample A_B. On the other hand, the introduction of any functional group led to 

a decrease in the specific surface area, due to an increase in the average pore size. This is associated 

with the catalytic effect of amine groups in sol-gel chemistry, giving longer secondary particles 

[507]. Aerogel samples A_3A and A_U differ significantly, in regard to the properties presented in 

Table 34, from the remainder samples. As previously mentioned, sample A_3A did not retain its 

porous structure during drying, hence justifying the reduced porosity observed. Sample A_U is 

denser and less porous than the majority of modified aerogel samples. This could be due to the 

urea groups that also catalyze sol-gel reactions and can generate hydrogen bonds through the 

nitrogen or oxygen atom of these groups.  

 

Table 34 - Structural properties of the aerogel and xerogel modified adsorbents. 

Formulation 
Bulk density a 

/g cm−3 
Porosity 

/% 
SBET 

/m2 g−1 
Vpore 

/cm3 g−1 
Dpore 
/nm 

B 
Xerogel 1.07 24 761 ± 9 0.2 1 

Aerogel 0.141 90 1006 ± 15 6.4 25 

A 
Xerogel 1.41 3 27.9 ± 0.1 0.02 4 

Aerogel 0.13 ± 0.03 87 ± 3 573 ± 5 7 ± 2 45 ± 13 

3A 
Xerogel 1.30 7 b) 0.05 - 

Aerogel 0.7 ± 0.3 48 ± 19 14.2 ± 0.2 0.7 ± 0.5 182 ± 135 

A+3A 
Xerogel 1.12 23 3.07 ± 0.05 0.2 268 

Aerogel 0.19 ± 0.02 86 ± 2 256 ± 3 4.5 ± 0.6 70 ± 9 

TRIS 
Xerogel 1.14 16 634 ± 13 0.1 1 

Aerogel 0.13 ± 0.02 88 ± 2 451 ± 11 7 ± 1 59 ± 10 

U 
Xerogel 1.42 c) b) c) - 

Aerogel 0.43 ± 0.05 67 ± 4 398 ± 7 1.6 ± 0.3 16 ± 3 
a Values for some xerogels were obtained with liquid displacement and should be considered indicative. b) 
Non-reliable result from nitrogen adsorption. c) Residual porosity, since the skeletal and bulk densities show 
similar values. 

 

Figure 26 shows the scanning electron micrographs for the different aerogels. The samples 

can be divided into two contrasting groups: samples A_B, A_A and A_A+3A are clearly porous, 

while A_3A, A_TRIS and A_U show a much more closed featureless structure, being A_3A the 

more compacted one. Samples of the first group feature the expected microstructure for silica 

aerogels. They show a porous matrix formed by aggregated secondary silica particles of very small 
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size. The remaining samples are mainly microporous, and their microstructure is similar to that of 

modified xerogels described in Chapter 4.  

The introduction of the propylamine groups in the silica backbone (sample A_A) seemed to 

have little change in the microstructure of the aerogels (Table 34 and Figure 26), when compared 

to the reference sample. However, this is not the case with formulation 3A that includes the 

functional groups containing three amines (one primary and two secondary), which affected 

significantly the properties of this formulation. This can be possibly explained by the size of the 

organic group in the silane, that may induce less ramified structures due to increased steric 

hindrance and slower hydrolysis [355, 523], and/or due to the presence of three amine groups, 

which may extensively catalyze the condensation reactions [507]. Formulation A+3A shows 

properties in-between the former two, as expected. Sample A_TRIS has high surface area and pore 

volume, not that different from sample A_A (Table 34), but the micrograph reveals a structure that 

seems less porous than the latter. Nevertheless, a great number of small pores, that seem uniform 

in size, are visible in the surface of the sample (see the inset in Figure 26). With formulation U, the 

propylurea groups led to the second most closed structure (less porous), right after sample A_3A, 

in agreement with results of Table 34.  

The chemical composition of the adsorbent samples was studied by infrared spectroscopy - 

Figure 27 - and elemental analysis - Table 35. 

The samples’ FTIR spectra shown in Figure 27 reveal the typical silica matrix expected for 

silica aerogels and xerogels [524]. The bands at ~443, 554, 778, 932 (shoulder), 1047 and  

1130 cm−1, are attributed to bending vibrations of siloxane bonds, SiO2 defects, symmetric 

stretching of siloxane bonds, stretching of silanol bonds and the two vibrational modes of 

asymmetric stretching of siloxane bonds, respectively. All formulations have very similar spectra, 

as they are based on nearly similar silica backbone and the different functional groups contain the 

same covalent bonds, in most cases. The main bands related to the functional groups are visible at 

~720 (shoulder), 831 (shoulder), 1273-1470, 1560-1645, 1668 and 2850-2975 cm−1, that are 

ascribed to the deformation of methylene groups, stretching of silicon-carbon bonds, bending of 

methylene and methyl groups, bending of primary and secondary amines, stretching of carbonyl 

bonds and stretching of methylene and methyl groups, respectively. Despite amine and hydroxyl 

bonds generating bands in the same region of the spectra, the 1500-1650 cm−1 region of the spectra 

is different between formulation B and the other formulations, evidencing the presence of  

N-containing groups in the functionalized samples.  

Samples were immersed in water for 15 days to test their degradation. Only some xerogel 

samples fragmented onto smaller pieces. FTIR analysis showed no quantifiable degradation of the 

materials by water. 
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Figure 26 - Morphology of the prepared aerogel samples (10kx magnification) and details for samples 
A_TRIS and A_U (30kx magnification). 
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Figure 27 - FTIR spectra for different nitrogen-containing groups modified xerogels and aerogels. 

 

For comparison with the experimental results from elemental analysis, different theoretical 

hypotheses were considered for the condensation of the precursors. These theoretical scenarios 

assume that the hydrolysis of precursor molecules is complete, and all precursor molecules react to 

form the gel backbone. The different scenarios vary in the number of unreacted hydroxyl groups, 

per precursor molecule, hence ranging from a complete condensation to an incomplete 

condensation where it is assumed that two hydroxyl groups are left unreacted in each molecule.  

The elemental analysis data reveal in some cases (samples A_B, A_A, X_TRIS, A_TRIS and 

A_U) that the content of carbon is greater than that predicted by the theoretical scenarios. This 

can be attributed to the fact that hydrolysis was not complete (hence methoxy or ethoxy groups 

still exist in the silica backbone) or to the possible heterogeneity of the sample, with the 

quantification occurring in portions where some precursors are more prominent. In fact, Itagaki et 

al. [525] showed that the precursors tend to condense with similar species in some situations, and 

so phase segregation of condensed precursor species can occur. Analyzing the carbon content, 

most samples are between the values of complete condensation and incomplete condensation with 

one hydroxyl group remaining per precursor molecule. This is in general corroborated by the results 
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of N content. However, the analysis of the N content of formulation B reveals that, despite being 

washed, aerogels still have ammonia catalyst residues, contributing to some uncertainty. For the 

case of samples of formulations 3A and A+3A, the nitrogen content seems to suggest the more 

incomplete condensation scenario, which is not in agreement with the carbon result (Table 35).  

 

Table 35 - Chemical composition of the samples modified with nitrogen-containing groups. 

Formulation Sample/Hypothesis wt% C wt% H wt% N 

B 

Complete condensation 11.6 2.9 - 

Incomplete condensation 1 OH 10.2 3.9 - 

Incomplete condensation 2 OH 9.1 4.7 - 

Experimental Xerogel 11.9 3.5 0.6 

Experimental Aerogel 15.4 4.1 0.89 

A 

Complete condensation 18.0 4.2 3.8 

Incomplete condensation 1 OH 16.0 5.0 3.4 

Incomplete condensation 2 OH 14.4 5.6 3.1 

Experimental Xerogel 15.3 4.5 3.3 

Experimental Aerogel 19.6 4.9 3.7 

3A 

Complete condensation 25.1 5.7 9.3 

Incomplete condensation 1 OH 22.9 6.2 8.4 

Incomplete condensation 2 OH 21.0 6.6 7.7 

Experimental Xerogel 22.2 5.9 7.9 

Experimental Aerogel 22.1 5.6 7.1 

A+3A 

Complete condensation 21.9 5.0 6.8 

Incomplete condensation 1 OH 19.8 5.6 6.1 

Incomplete condensation 2 OH 18.0 6.1 5.6 

Experimental Xerogel 19.1 5.5 6.0 

Experimental Aerogel 21.0 5.1 5.5 

TRIS 

Complete condensation 19.8 3.5 3.6 

Incomplete condensation 1 OH 18.0 4.2 3.2 

Incomplete condensation 2 OH 16.1 4.9 2.9 

Experimental Xerogel 20.4 4.1 3.8 

Experimental Aerogel 22.0 4.4 3.8 

U 

Complete condensation 19.0 4.1 6.8 

Incomplete condensation 1 OH 17.1 4.8 6.1 

Incomplete condensation 2 OH 15.6 5.3 5.6 

Experimental Xerogel 17.1 4.4 5.6 

Experimental Aerogel 21.4 4.9 6.5 

 

The thermal stability of the aerogel samples is presented in Figure 28 and additional 

information is reported in Appendix A. The nitrogen-containing groups modified samples feature 

two degradation phenomena, with the degradation occurring continuously. Sample A_B is an 

exception, featuring four different thermal degradation phenomena. It can also be verified that 

samples modified with nitrogen groups lose more mass, associated with the presence of more 

organic groups in the structure.  
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In sample A_B the first two degradation stages (onset temperatures of 55 and 152 ºC) 

correspond to the evaporation of residual solvent, ammonia residues and adsorbed water, totaling 

approximately 4.2% of weight lost. Phenomena with onset temperatures of 340 and 536 ºC are 

associated with the first and second stages of the degradation of methyl groups, respectively [507]. 

The modified samples start losing mass at approximately 50 ºC (onset temperature), except for 

A_TRIS and A_U (onset temperature of 90 and 135 ºC, respectively) corresponding to the 

evaporation of residual solvent and adsorbed water. In sample A_U this phenomenon ends at a 

higher temperature and is responsible for a substantial higher mass loss (20%) than the 

corresponding phenomenon in the remaining samples (12% for sample A_3A and ~3% for the 

remainder). This must be the result of the degradation of the urea groups [526]. The final thermal 

degradation phenomenon causes most of the lost weight (up to 30%) and is due to the degradation 

of the nitrogen-containing and methyl groups. In these samples, this phenomenon starts at a lower 

temperature in samples that contain secondary amines (~350 vs 440 ºC, onset temperature) and 

the two stages of degradation of methyl groups are not visible. 

 

Figure 28 – Thermogravimetric curves for the nitrogen-modified aerogels: (a) weight loss; (b) sample weight 
temperature derivative. 
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5.5. Preliminary Sorption Tests and Screening of 

Adsorbents  

Preliminary tests were conducted with every sample described in Table 29 to assess which 

ones were the most viable for the removal of different heavy metals. The results from this 

screening, based on two replicates, are presented in Table 36. A concentration of 50 mg L−1 of the 

cations was used for these tests. 

The obtained results show that activated carbon, considered as a standard adsorbent, is not 

a viable material for the removal of the tested cations, showing removal efficiencies below 20% - 

Table 36. On the other hand, the materials of formulation B do not interact well with the cations, 

apart from lead which has considerable removal efficiencies at the tested concentration. In fact, 

lead is fairly removed by all materials, compared to the other cations, because lead has the lowest 

charge density of the four, and thus has the less stable hydration sphere, being more labile [33, 

209]. The removal of lead could be due to silanol groups, featured in all silica-based adsorbents or 

to non-specific processes like electrostatic interactions with the negatively charged [527, 528] silica 

surface. Despite having functional groups containing electron donor atoms, i.e. Lewis bases, the 

results obtained with aerogels and xerogels of formulations TRIS and U are nearly similar to those 

of formulation B. In fact, these three formulations do not show a good performance (except for 

lead), even when compared with activated carbon. This is a consequence of the hindering of active 

surface sites, in modified samples, towards the metal ions. This can be justified by the limitations 

in the adsorbent’s microstructure/physical properties (formulation U) or by the absence of 

functional Lewis base groups at the surface of the adsorbent (formulation TRIS). As the 

isocyanurate ring is enclosed by three silicon atoms with sol-gel reactive groups, it is not so available 

on the surface of silica particles - contrary to what happens with the remaining precursors. The 

materials from formulations A, 3A and A+3A show better adsorption performances. Samples 

X_3A and A_3A are analogous in terms of structural properties (Table 34) and adsorption 

performance (Table 36). Samples A_A and A_A+3A perform better and more consistently across 

the four tested cations when compared to their xerogel counterparts and the remaining 

formulations. While for copper and lead, the lower surface area and porosity of the xerogels does 

not inhibit the adsorption process (suggesting that the active sites are accessible in the xerogels), 

this is not the case for cadmium and nickel. Because all cations are fairly similar in size, the surface 

heterogeneity or a different adsorption mechanism for the latter cations may explain these results.  

The initial screening of the adsorption performance of the samples allows to conclude that 

A_A and A_A+3A are good adsorption candidates for the studied heavy metals. X_3A also 

performs fairly well and was also selected for being easier to obtain than its aerogel counterpart.  
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Table 36 - Heavy metal removal efficiencies, in percentage, for different adsorbents. C0 = 50 mg L−1, pH 5, 
20 °C, 24 hours.  

Sample 
Copper Removal 

(%) 
Lead Removal 

(%) 
Cadmium Removal 

(%) 
Nickel Removal 

(%) 

X_B 9 ± 2 45 ± 1 0.9 ± 0.2 7 

A_B 8.7 ± 0.8 64 ± 12 a) 2.3 ± 0.2 

X_A 13 ± 9 61 ± 3 6 ± 4 4.2 ± 0.8 

A_A 98.6 ± 0.2 99.51 ± 0.01 98.75 ± 0.00 67 ± 2 

X_3A 59.0 ± 0.2 98.9 ± 0.3 6.1 ± 0.9 12 

A_3A 33.4 ± 0.7 97 ± 3 11 ± 2 3 ± 2 

X_A+3A 64.7 ± 0.1 78 ± 15 27 ± 1 22 ± 3 

A_A+3A 59.4 ± 0.1 93 ± 2 95.0 ± 0.7 64.0 ± 0.4 

X_TRIS 10 ± 4 34.0 ± 0.3 a) a) 

A_TRIS 9 ± 2 52 ± 5 3 ± 2 a) 

X_U 5.2 ± 0.5 38 ± 3 1.8 ± 0.3 a) 

A_U 9 39 ± 7 3.0 ± 0.8 a) 

AC 22 ± 1 19 ± 4 9 ± 1 6 

a) No removal was observed. 

5.6. Effect of pH and Adsorbent Dose on Adsorption 

The effect of pH and adsorbent dose on the adsorption performance was studied using 

sample A_A. The results are presented in Figure 29. To evaluate the effect of the initial solution’s 

pH, a starting concentration of 50 mg L−1 of cation and 2 g L−1 of adsorbent were used. The results 

in Figure 29a show that only copper adsorption significantly decreases by the pH decreasing to 4. 

Nickel shows the opposite trend, while for lead and cadmium the pH variation effect was not 

significant, and the detection limit was sometimes achieved. pH of 4 was chosen to guarantee that 

no metal ion hydroxides are formed. The adsorption performance of non-modified silica materials 

(A_B) was not impacted by the change to pH 4 (copper removal of 9 ± 10%, lead removal of 63 

± 19%, cadmium removal of 6 ± 1% and nickel removal of 5 ± 3%).  

At pH 4 and with a starting concentration of 500 mg L−1, the removal of the metal ions was 

quantified as a function of the adsorbent dose - Figure 29b. As expected, the greater the mass of 

adsorbent the greater the mass of pollutant that can be removed. At the highest mass of adsorbent 

very significant amounts of cations were removed; in particular it can be observed an almost 

complete removal of lead and cadmium. Although at a high pollutant concentration, high removals 

are only expected with greater adsorbent doses, a small dose of  

2 g L−1 was selected in this work to obtain adsorption isotherms and kinetic curves since 

wastewaters typically feature low concentrations of these pollutants due to high dilution. 
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Figure 29 - The effect of: (a) initial solution pH at C0 = 50 mg L−1; (b) adsorbent dose at C0 = 500 mg L−1 
on heavy metals removal by aerogel A_A. 

5.7. Adsorption Kinetics  

Adsorption kinetics were studied for adsorbents A_A, X_3A and A_A+3A. Kinetic models 

were fitted to data from kinetic tests and the results are shown in Figure 30 and Table 38. For the 

sake of simplicity, only the best model is represented in the graphs. The selection of the kinetic 

models was not solely based on Akaike’s and Bayesian Information Criteria, as these are often in 

disagreement: BIC suggests that the double exponential model (DEM) is usually the best model, 

while AIC penalizes this model severely for having too many parameters for the number of data 

points, even when it is clearly the most adequate (see Figure 30). The kinetic tests reveal two 

different situations: the adsorption process occurs in two-steps (DEM model) or in one, being 

controlled by the rate of sorption phenomena at the adsorbent surface (pseudo-second order (PS2) 

model). This result was also observed in other functionalized silica materials [223]. The DEM 

model generally assumes that the steps are diffusion limited but it has also been shown that this 

model can describe adsorbents with two types of active sites present [223], situation in which the 

process is not limited by diffusion.  

To understand the nature of the adsorbent-adsorbate interactions in the sorption process, 

when its kinetics is described by the double-exponential model, the points corresponding to the 

first step (fast step) were described using a surface reaction model, pseudo-second order, and a 

diffusion describing model, intraparticle diffusion. The results of this analysis are compiled in  

Table 37. 
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Table 37 - Parameters of kinetic models for the fast/first step of the kinetic curves of the referred adsorbent-
adsorbate systems. 

 Intraparticle Diffusion Model Pseudo-Second Order 

 
kIPD  

/mg g−1 h−0.5 
E 

/mg g−1 
AIC BIC 

k2 × 103 

/g mg−1 h−1 
qe / 

mg g−1 
AIC BIC 

A_A Cu 13.4 11.1 39.3 26.7 4767 26.4 25.7 13.1 

X_3A Cu 10.1 3.3 28.3 15.7 997.3 13.5 12.8 0.1 

X_3A Pb 41.3 6.3 45.9 20.7 566.6 36.6 26.4 1.2 

A_A Cd 17.4 3.8 29.1 16.4 455.5 21.7 26.4 13.7 

X_3A Ni 8.0 2.3 34.5 9.4 1461 10.5 15.0 −10.2 

 

The results of Table 37 clearly show that the kinetics of adsorption in the fast step is not 

limited by diffusion, with the pseudo-second order model fitting the data. Hence, it can be said 

that chemisorption is the limiting phenomena for the adsorption process in this step. The DEM 

model is mostly observed with adsorbent X_3A, which has little porosity and features two different 

kinds of active sites: primary and secondary amines. However, it is also the best model to describe 

the kinetics of A_A with copper and cadmium. In these situations, a clear two-step mechanism is 

observed. By looking for a mechanism, it can be hypothesized that the observed kinetic curve is 

due to the existence of multiple types of active sites, with different accessibilities and surface 

reaction rates. The slow step can be attributed to the interaction of the metal ions with other groups 

on the adsorbent, such as silanol, whilst the fast one is due to the interactions with the primary 

amine groups.  

The interactions of A_A+3A with lead seem to be controlled by the bulk concentration as 

evidenced by the pseudo-first order model. For the remaining situations, the sorption kinetics is 

limited by the surface reactions, meaning that chemisorption is most likely occurring (model PS2). 

It is worth noticing that adsorbent A_A+3A, which also features different types of active sites, 

does not have its behavior modeled by the DEM equation. Furthermore, it behaves differently 

than A_A meaning that the secondary amine groups are still somewhat accessible. It is possible 

that due to its extensive porous structure, diffusion occurs quickly, and the functional groups are 

very accessible, interacting fast and in one step.  
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Figure 30 - Sorption kinetics for (a) copper, (b) lead, (c) cadmium and (d) nickel on amine modified materials. 
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Table 38 - Fit parameters for sorption kinetics on the three selected amine modified materials.   

 

Pseudo-first order (PS1) Pseudo-second order (PS2) Double-exponential model (DEM) Exp. 
qe 

/mg 
g−1 

Best 
Model k1/ 

h−1 
qe/ 

mg g−1
 

AIC BIC 
k2 x103 

/g mg−1 h−1 
qe/ 

mg g−1
 

AIC BIC 
D1 

/mg L−1 
kD1 

/h−1 
D2 

/mg L−1 
kD2 
/h−1 

qe/ 
mg g−1

 
AIC BIC 

A_A Cu 27.6 30.9 42.7 38.5 1866 31.5 39.5 35.3 45.3 102 33.6 0.18 39.5 51.2 10.3 44.0 DEM 

X_3A 
Cu 

0.43 26.8 43.5 40.4 36.3 27.2 39.8 36.7 21.7 11.8 63.2 4.8×10−2 42.3 31.6 5.4 46.3 DEM 

A_A+3A 
Cu 

23.8 517 19.2 15.0 713 54.2 16.3 12.1 87.2 32.5 18.3 4.1 52.9 49.1 8.3 47.5 PS2 

A_A Pb 11.2 93.3 34.5 26.4 261 97.1 26.3 18.1 161 23.4 39.1 0.73 100.0 68.7 −14.8 94.3 PS2 

X_3A 
Pb 

0.87 80.4 56.8 53.7 16.1 85.9 50.9 47.3 124 0.32 49.3 26.8 86.8 52.6 26.4 82.7 DEM 

A_A+3A 
Pb 

1.5 96.4 28.0 23.8 18.4 106.4 37.7 33.5 191 1.5 2.2 400 96.5 71.1 30.2 89.6 PS1 

A_A Cd 0.93 36.9 44.5 40.3 29.0 41.5 40.1 35.9 28.6 16.0 68.7 0.14 48.9 64.0 23.2 47.9 DEM 

X_3A 
Cd 

1.3 19.2 22.2 16.4 96.4 20.2 18.0 12.3 1.1×105 4.8×10−6 28.3 1.8 
5.3 

×104 
99.7 16.2 30.0 PS2 

A_A+3A 
Cd 

1.9 53.0 36.8 28.6 48.1 58.0 28.5 20.3 68.6 0.56 48.7 7.3 59.2 -- -- 58.9 PS2 

A_A Ni 3.1 31.4 33.5 29.3 150 32.9 26.4 22.2 24.2 4.9×109 42.0 1.1 33.1 52.8 12.0 44.4 PS2 

X_3A 
Ni 

0.38 23.9 32.1 27.9 21.8 26.1 29.2 25.0 38.6 0.15 14.1 21.5 26.3 35.7 −5.1 25.8 DEM 

A_A+3A 
Ni 

1.1 42.7 32.7 24.5 40.3 45.0 29.4 21.2 17.8 25.9 71.6 0.67 44.7 -- -- 43.8 PS2 
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5.8. Adsorption Isotherms 

Adsorption isotherm curves for adsorbents A_A, X_3A and A_A+3A are represented in 

Figure 31. For clarity, only the best fitting model is represented in the graphs. The fit parameters 

are compiled in Table 39. Figure 31 and Table 39 show that the Langmuir equation is the best 

model in most of the cases. This suggests that the surface of the adsorbents can be considered 

homogeneous and that the adsorption process is due to the interaction at active surface sites - the 

amine functional groups. This result was expected, as it was previously obtained in Chapter 4, and 

corroborates the predictions from the hard and soft acids and bases theory. Furthermore, it has 

been proposed that multiple amine groups are involved in the complexation of a cation [205, 313, 

529]. Notable exceptions to this trend are obtained for the systems: A_A with nickel and X_3A 

with copper. In the first situation the model that best fits to the data is the Freundlich model, 

suggesting that the interactions with this cation occur differently than in other situations, and the 

adsorbent surface cannot be considered homogeneous. In the second situation, an L4 isotherm is 

observed [199], which is characterized by the existence of two plateaus due to the development of 

a new surface where adsorption can occur. Thus, the second plateau indicates the saturation of the 

new surface and the complete saturation of the adsorbent. This could be due to the reorientation 

of previously sorbed species, leading to partial uncovering of the adsorbent surface [199]. The 

isotherm for each plateau is given in Table 39. It is suggested that the Langmuir model fits each 

plateau better.  

 

Table 39 - Fit parameters for sorption isotherms on the three selected amine modified materials. 

 

Langmuir model Freundlich model Max. Exp. 
qe 

/mg g−1 
qmax 

/mg g−1 
KL x 103 

/L mg−1 
AIC BIC 1/nF 

KF /mg g−1 
(L/mg)1/n 

AIC BIC 

A_A Cu 43.5 2683 28.3 22.5 0.1 22.9 35.2 29.4 47.6 

X_3A Cu 
105.1 
131.0 

6.8 
236 

30.7 
a) 

22.5 
a) 

0.6 
0.1 

2.3 
35.2 

36.8 
a) 

28.6 
a) 

129.8 

A_A+3A 
Cu 

60.4 24.4 32.6 26.8 0.3 8.1 42.6 36.8 55.7 

A_A Pb 183.3 116 52.1 46.4 0.3 42.7 61.5 55.7 172.1 

X_3A Pb 110.6 52.4 44.2 38.5 0.3 19.9 55.6 49.8 99.9 

A_A+3A Pb 346.9 16.9 25.7 17.5 0.7 10.0 28.6 20.5 171.8 

A_A Cd 54.0 66.7 41.9 36.1 0.2 14.9 46.6 40.9 51.2 

X_3A Cd 102.4 2.9 21.0 12.8 0.7 0.9 23.1 14.9 47.0 

A_A+3A 
Cd 

82.9 50.7 40.9 35.2 0.3 17.1 43.5 37.8 81.9 

A_A Ni 68.2 34.6 41.4 35.6 0.3 10.5 32.2 26.4 68.2 

X_3A Ni 69.2 4.2 22.4 9.8 0.6 1.5 29.2 16.5 42.0 

A_A+3A Ni 65.6 21.5 31.0 25.2 0.4 7.7 39.6 33.8 61.3 

a) Values without significance.  
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Figure 31 - Sorption isotherms for (a) copper, (b) lead, (c) cadmium and (d) nickel on amine modified 
materials. 

 

Although the different adsorbents have similar behaviors, adsorbent A_A+3A is found to 

be the best out of the three evaluated in depth, for the majority of the situations. When adsorbing 

nickel and copper, the aerogel became colored, exhibiting a green or blue color, respectively, as 

shown in Figure 32. This was shown to be associated with cation complexation [205]. 

One finding is that the sorption of copper is lower in the materials presented in this chapter, 

compared to the ones from Chapter 4. The difference seems to be on the anion, as copper nitrate 

is less sorbed than copper sulfate [530], as was observed with A_A at different concentrations at 

pH4 and 5 (data not shown). When compared to the adsorbents compiled in section 3.2., adsorbent 

A_A+3A is better than natural minerals and zeolites, and its performance is among the best for 

modified silicas, including aerogels.  
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Figure 32 - Aspect of sample A_A+3A after sorption equilibrium with copper (top) and nickel (bottom). 

5.9. Adsorption Thermodynamics 

The adsorption capability of aerogel A_A+3A was studied with varying temperature, and its 

results are summarized in Table 40 and Figure 33. The standard Gibbs energy, enthalpy and entropy 

changes of adsorption were estimated as described in Section 3.1.4.. 

By the analysis of the standard Gibbs energy change, for all metal ions, the adsorption 

process is spontaneous. However, although for lead and cadmium the adsorption stability becomes 

higher by increasing the temperature, for copper and nickel only slightly variations of the Gibbs 

energy are observed. This can be justified by an athermic adsorption process (i.e., Kd is independent 

on temperature as observed for nickel) or by a entropy-enthalpy compensating effect [531]. 

Another possible justification, by comparing the thermodynamic functions of nickel(II) and 

copper(II), is related with the configuration of hexahydrate complexes; while the Ni(H2O)6
2+ has a 

symmetrical octahedron configurations, the hexa-coordinated copper(II) shows a Jahn-Teller 

distortion; consequently the shortest distance Cu-O(H2O) is smaller than the distance Ni-O(H2O) 

(1.96 and 2.055 Å, respectively [48]) and thus the ability of copper to interact with the adsorbent is 

higher, through a mechanism that has been proposed in the literature [529]. Looking to the 

thermodynamic function values shown in Table 40, it can be concluded that the enthalpy change 
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of sorption increases in the order Cu(II)<Cd(II)<Pb(II). This is in close agreement with the effect 

of the metal ion radii (ri): 0.73, 0.95 and 1.19 Å, respectively [48]; i.e. the interaction adsorbate-

adsorbent is higher by increasing the charge density of metal ions. This also indicates that the 

interactions are of electrostatic nature. However, for Cd(II) and Pb(II) the sorption is characterized 

by an endothermic process and only for Cu(II) the sorption is slightly exothermic, suggesting that 

the sorption interaction between metal ions and the adsorbent is weak [532, 533]. This also explains 

the dependence of the Gibbs energy change of copper and nickel (ri =0.69 Å [48]) with the 

temperature, since the stability of hydration shell is higher and, consequently, these metal ions are 

the less labile [209]. This is in line with the entropy variation values for the different metal ions; in 

fact, the water loss from the hydration sphere of more labile metal ions plays a major role in driving 

the adsorption process [209]. 

 

Table 40 - Thermodynamic characterization of the adsorption process for aerogel A+3A. 

Cation 
Temperature 

/ °C 
Kd 

/L g−1 
ΔG0 

/kJ.mol−1 
ΔH0 

/kJ.mol−1 
ΔS0 

/J.mol−1.K−1 
R2 

Copper 

25 0.409 −8.07 ± 0.07 

−19 ± 3 −36 ± 9 0.956 

30 0.326 −7.64 ± 0.06 

35 0.278 −7.4 ± 0.1 

40 0.267 −7.37 ± 0.02 

45 0.250 −7.3 ± 0.1 

Lead 

25 2.14 −15.10 ± 0.08 

225 ± 18 805 ± 58 0.987 

30 17.2 −20.6 ± 0.4 

35 16.6 −20.9 ± 0.5 

40 160 −27 ± 1 

45 859 −32 ± 4 

Cadmium 

25 0.080 −5.4 ± 0.2 

62 ± 4 226 ± 14 0.985 

30 0.124 −6.6 ± 0.1 

35 0.161 −7.4 ± 0.1 

40 0.240 −8.6 ± 0.1 

45 0.410 −10.13 ± 0.00 

Nickel 

25 0.238 −6.54 ± 0.08 

a) a) a) 

30 0.250 −6.8 ± 0.2 

35 0.232 −6.69 ± 0.04 

40 0.258 −7.1 ± 0.2 

45 0.263 −7.24 ± 0.03 

a) Adsorption performance does not change with temperature - Figure 33. 
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Figure 33 - Effect of temperature on the adsorption performance of A_A+3A. 

5.10. Competitive Adsorption in Binary Mixtures 

The adsorbent A_A+3A was also studied with binary mixtures of cations to evaluate the 

behavior of the sorption onto the adsorbent under competitive conditions. The results of the total 

(sum) uptake are displayed in Figure 34 and Table 41, while the kinetic curve of each individual 

component are presented alongside its isolated result in Figure 35 and Table 42.  

 

Table 41 - Fitting parameters of kinetic models for the total sorption on A_A+3A. 

 
Pseudo-first order Pseudo-second order 

k1/ 
h−1 

qe x10/ 
mmol g−1

 
AIC BIC 

k2/ 
g mmol−1 h−1 

qe x10/ 
mmol g−1

 
AIC BIC 

Cu+Pb 1.8 7.1 −53 −57 3.1 7.8 −58 −62 

Cu+Cd 13.9 7.0 −47 −55 76.1 7.2 −45 −54 

Cu+Ni 18.8 9.1 −27 −40 54.9 9.3 −26 −39 

Pb+Cd 4.4 4.7 −36 −44 16.7 5.0 −45 −53 

Pb+Ni 8.8 6.9 −40 −46 24.4 7.2 −51 −57 

Ni+Cd 3.4 5.5 −30 −42 16.3 5.7 −38 −50 
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Figure 34 - Kinetic curves for the total sorption in binary mixtures (a) containing copper or (b) without 
copper onto A_A+3A.  

 

The total adsorption of the binary mixtures on A_A+3A is generally explained by the 

pseudo-second order model. However, for the Cu+Cd and Cu+Ni mixtures the pseudo-first order 

model seems to be slightly better. These results suggest that despite the cations being mixed, the 

sorption phenomenon is still due to the active surface amine groups. The process is very fast, as 

the equilibrium is usually attained in less than three hours.  

 

Table 42 - Fitting parameters of kinetic models for the sorption of individual cations, in binary mixtures, on 
A_A+3A. 

 

Pseudo-first order Modified pseudo-second order 

k1/ 
h−1 

qe/ 
mg g−1

 
AIC BIC 

k2 / 
g mg−1 h−1 

q0/ 
mg g−1 

qe/ 
mg g−1

 
AIC BIC 

Cu 0.83 30.2 19 14 0.0325 a) 33.2 18 12 

Cu (w/ Pb) 1.7 43.4 15 11 0.0468 a) 47.8 18 14 

Cu (w/ Cd) 21.7 41.9 20 15 1.2 a) 43.1 9 3 

Cu (w/ Ni) 0.87 44.4 25 16 0.0241 a) 48.6 31 23 

Pb 5.2 48.7 33 29 0.165 a) 51.4 25 21 

Pb (w/ Cu) b) b) b) b) b) b) b) b) b) 

Pb (w/ Cd) 12.5 48.3 22 17 0.46 a) 50.2 9 4 

Pb (w/ Ni) 6.3 47.1 32 26 0.217 a) 49.7 22 17 

Cd 4.8 29.3 28 22 0.23 a) 31.4 19 13 

Cd (w/ Cu) b) b) b) b) b) b) b) b) b) 

Cd (w/ Pb) 1.5 28.8 24 16 0.257 17.9 14.7 −8 −17 

Cd (w/ Ni) b) b) b) b) b) b) b) b) b) 

Ni 7.5 26.1 17 9 0.571 a) 27.1 9 1 

Ni (w/ Cu) 1.1 16.1 15 7 0.098 a) 17.2 7 −1 

Ni (w/ Pb) 10.4 27.1 15 9 0.83 a) 28.0 5 −1 

Ni (w/ Cd) 4.6 28.4 22 13 0.29 a) 29.9 14 5 

a) Neglectable value; b) Adsorption does not follow a kinetic trend. 
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The individual kinetic curves presented in Figure 35 reveal different behaviors for the tested 

cations. Copper sorption is enhanced by the presence of competing ions, in a synergistic effect 

[534]. The same behavior is reported by Afolabi et al. [535] when both copper and lead are mixed 

with a concentration of 55 mg L-1 each. This could be due to the increased ionic strength favoring 

copper adsorption, as shown with NaNO3 [536, 537]. After six hours, copper sorption in mixtures 

decreases, possibly due to a decrease in available active surface sites and the high concentration of 

interferent cation, in relation to copper. The latter leads to increased competition for free active 

sites and possible partial copper release [538], resulting in higher removal of the interferent (Figure 

35b) and d)). Lead sorption is only affected by the presence of copper, situation in which lead 

sorption seems to occur after copper reached equilibrium. Cadmium’s sorption is highly affected 

by the interference of copper and nickel and does not follow a kinetic trend. Similarly to lead, the 

sorption of nickel by A_A+3A is only affected by copper.  

 

Figure 35 - Kinetic curves for the sorption of individual cations, in binary mixtures, onto A_A+3A: (a) 
copper sorption; (b) lead sorption; (c) cadmium sorption and (d) nickel sorption. 
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The results from Table 42 reveal that the adsorption of the cations does not follow a single 

kinetic model. The sorption kinetics of copper is only explained by the pseudo-first order model 

when mixed with lead or nickel. Its sorption also increased in these situations, compared to copper 

isolated. From Figure 35b) and d) it is observed that the sorption of these competing ions is reduced 

but progresses slowly over time. It can be speculated that diffusion is limiting the sorption of 

copper for different reasons: the interfering ions have reduced uptake and thus, as time progresses, 

the concentration of copper decreases but that of the interferent has little change; the sorption of 

interferents changes the surface of the adsorbent, enabling higher uptake of copper. In all 

remaining situations, the pseudo-second order model described the data better, in agreement with 

what was found when these ions were studied separately.  

Figure 35 evidences that A_A+3A has a preference for sorbing copper, when compared to 

the other three cations. This result was unexpected, as this adsorbent was not developed with the 

purpose of being selective. Figure 35a) also shows that after six hours, copper sorption tends to 

decrease slightly as competing ions reach the sorption equilibrium. Thus, in order to maximize the 

removal of copper from a mixture using this material, the adsorption process cannot be longer 

than six hours. The obtained selectivities, calculated after six hours, using Equation 26, are 

presented in Table 43. 

 

Table 43 - Selectivity for the adsorption of cations on A_A+3A. 

 αCu.i αPb,i αCd,i αNi,i 

Cu - 0.04 0.02 0.4 

Pb 28.1 - 1.1 2.0 

Cd 48.9 1.0 - 13.5 

Ni 2.6 0.5 0.1 - 

 

Table 43 further evidences that A_A+3A is selective for copper, in relation to the other 

studied metals. The only other situation where a clear selectivity is observed is of nickel in relation 

to cadmium. It is worth noting that because the mixtures are of equal mass, the molar concentration 

of lead in the cation solution is small. Thus, even though virtually all lead was removed from 

solution, except when this was mixed with copper, the selectivities towards lead are low.  
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5.11.  Desorption and Recovery of Copper 

Pertinent results for screening the desorption agents used on adsorbent A_A+3A are found 

in Table 44. All tests are present in Appendix B. 

It was observed that, after adsorption, a significant amount of adsorbent particles could not 

be recovered by filtration. Likewise, a perceptible mass of adsorbent was lost following the 

desorption procedure and thus, all desorption agents’ concentrations could not be compared. 

The results of Table 44 show that NaOH leads to sample degradation. The silica was likely 

dissolved. At a 0.5 M desorption solution concentration, the performance of both acids was 

comparable. HCl at 1M concentration led to the best desorption results among the different 

conditions. With copper, almost all cation was recovered, while cadmium and nickel have the 

lowest recoveries. In other modified mesoporous silicas in the literature, nitric acid [237, 319], 

hydrochloric acid [238, 239, 539] and EDTA [308, 309] were used to effectively desorb cations. 

Nevertheless, desorption is not always achievable even when adsorbent-adsorbate interactions are 

not so strong: this is the case of the cation exchange sorption by the zeolite reported by Panayotova 

et al. [540]. 

The effect of the contact time with HCl 1M was evaluated with copper (as it is of interest to 

recover), while the amount of acid used for desorption (in other words, the concentration of 

adsorbent particles in the desorption procedure) was tested with the remaining ions (3 h), whose 

metal recovery was small. These results are presented in Figure 36. This figure reveals that in three 

hours the desorption procedure is complete, and there are no significant changes in the copper 

desorption for longer times. Thus, a virtual complete desorption of copper is not attainable. Figure 

36b) shows that increasing the acid volume (decreasing the particle concentration) only benefited 

lead desorption as the remaining elements are less desorbed. Thus, the desorption of cadmium and 

nickel is not very extensive and recovering these cations by using the discussed methodology is not 

viable. 
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Table 44 - Effect of the desorption agent on cation desorption from A_A+3A after three hours. 

Cation Isotherm Initial Concentration  
/mg L−1 

Desorption Agent Desorption  
/% 

Sample Degradation 

Cu 100 HCl 0.5 M 18.4 - 

Cu 200 HCl 1M 57.6 - 

Cu 100 HNO3 0.5 M 21.1 - 

Cu 200 HNO3 1 M 32.4 - 

Cu 100 NaOH 0.5 M 5.5 + 

Cu 200 NaOH 1 M 75.1 + 

Pb 100 HCl 0.5 M 29.6 - 

Pb 200 HCl 1M 61.1 - 

Pb 100 HNO3 0.5 M 53.6 - 

Pb 200 HNO3 1 M 66.1 - 

Pb 100 NaOH 0.5 M 59.6 + 

Pb 200 NaOH 1 M 81.3 + 

Cd 100 HCl 0.5 M 24.4 - 

Cd 200 HCl 1M 27.5 - 

Cd 100 HNO3 0.5 M 30.8 - 

Cd 200 HNO3 1 M 15.7 - 

Cd 100 NaOH 0.5 M 0.1 + 

Cd 200 NaOH 1 M 2.0 + 

Ni 100 HCl 0.5 M 23.5 - 

Ni 200 HCl 1M 17.3 - 

Ni 100 HNO3 0.5 M 14.7 - 

Ni 200 HNO3 1 M 8.6 - 

Ni 100 NaOH 0.5 M 23.3 + 

Ni 200 NaOH 1 M 21.9 + 

 

Figure 36 - Effect of (a) contact time on the desorption of copper and (b) loaded particles concentration on 
the desorption of the metal ions. 

 

The adsorption of the cations on this adsorbent was implied to be due to chemisorption, so 

their desorption should be difficult, due to the strong nature of the adsorbent-adsorbate 

interactions, and the degradation of the adsorbent may be necessary. This was in fact observed 

with sodium hydroxide, although high cation desorption was not obtained with this procedure. To 
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evaluate the extent of the degradation caused by hydrochloric acid on A_A+3A, the FTIR spectra 

and the elemental composition of the regenerated adsorbent were assessed and are shown in Figure 

37 and Table 45, respectively. 

 

Table 45 - Elemental composition of sample A_A+3A before and after regeneration with 1M HCl. 

Sample wt% C wt% H wt% N 

Aerogel 20.98 5.14 5.52 

Regenerated Aerogel 13.84 4.79 4.28 

 

Figure 37 - FTIR spectra of A_A+3A before and after regeneration with 1M HCl. 

 

Figure 37 and Table 45 reveal that the regeneration with HCl alters the aerogel matrix. Bands 

associated with the silica network and silicon-carbon bonds are now poorly defined. This result is 

backed up by the elemental analysis that shows a decrease in the weight of carbon, nitrogen and 

hydrogen. Thus, these analyses show that the desorption procedure occurs with the degradation of 

the adsorbent impairing its reuse.  

Adsorption/desorption cycles of copper onto A_A+3A were studied. The results are 

presented in Figure 38. It is visible that after one regeneration with HCl, the adsorbent did not 

feature the same adsorption capacity, that dropped to a third in the second adsorption cycle. After 

every adsorption cycle, copper desorption was always successful (111 ± 8% in the first cycle;  
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74 ± 4% in the second cycle), and the adsorbent went from blue to white. The desorption value 

higher than a 100% can be due to the precipitation of copper inside the gel’s pores, upon drying, 

due to the copper solution in the pores not being easily washed. Given the strong copper-aerogel 

interactions and the matrix degradation by HCl found previously, the loss of performance was 

expected: the desorption of the strongly sorbed cation comes at the expense of degrading the 

adsorbent, preventing its reuse. These reasons are also evoked in the literature [238].  

The SEM images from Figure 39 give further insight on the adsorption performance of the 

aerogel after regeneration. The silica matrix became very compact after being dried in an oven, 

which negatively affects the adsorption of cations. Thus, I can conclude that the adsorbent is not 

fully regenerable, but copper can be recovered by degrading the aerogel. In other amine modified 

mesoporous silicas, the sorption capacity decreased slightly for chromium [237]; decreased about 

30% after four regenerations for copper [238]; decreased less than 10% for copper and lead after 

ten uses [308]; less than 5% after six uses [309] and about 20% for lead cations after five cycles 

[319] or nine cycles [539]. In the bis-amine bridged silica cryogel introduced by Duan et al. [320], 

copper adsorption-desorption cycles revealed that the performance of the adsorbent was almost 

identical after three cycles. A similar result was obtained with a disulfide bridged silica xerogel, 

where after three cycles, the sorptiom of copper, lead and cadmium decreased 12% [239]. These 

results are in clear contrast with the one obtained in this thesis.  

 

Figure 38 - Copper adsorption capacity by A_A+3A in adsorption/desorption cycles. 
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Figure 39 - SEM micrographs from A_A+3A (left) and A_A+3A after copper adsorption, washing and 
drying in an oven (right) at 30kx. 

 

The recovery of copper from a 1 M HCl solution was investigated by electrodeposition and 

the results are shown in Table 46. Solutions of copper nitrate in HCl and the desorption solution 

from the first cycle were used to test the viability of this approach. The proposed oxidation and 

reduction semi-reactions (aqueous state omitted for simplicity) that can occur in the electrolytic 

cell are:  

 

Anode  

2 H2O ⇌  O2(g)  +  4 H+ +  4 e− E0red = 1.23 V (30) 

2 Cl− ⇌  Cl2(g)  +  2 e− E0red = 1.36 V (31) 

Cathode  

Cu2+ +  2 e− ⇌  Cu(s) E0red = 0.34 V (32) 

NO3 
−  +  4 H+  +  3 e− ⇌  NO(g)  +  2 H2O E0red = 0.96 V (33) 

 

With the applied electric potential of 2.4 V, and taken into account the overpotential, all of 

the reactions from Equations 30 to 33 are promoted, as there is an excess potential applied. The 

standard electromotive force necessary to reduce cupric ions and oxidize chloride is of 1.02 V, the 

highest out of the possible combinations considered. Thus, competing reactions are bound to occur 

with the experimental conditions applied, decreasing the efficiency of copper reduction. 

Experimentally, it was observed that the cathode gets covered with copper, noticeable by its color 

(Figure 40), and a gas is formed at the anode - chlorine, as can be confirmed by its smell. Thus, it 

can be stated that the reaction that occurs in the electrodeposition process is, most probably, 

represented in Equation 34.  
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Figure 40 - Copper deposition on the cathode. 

 

Cu2+ + 2 Cl− ⇌  Cu(s) +  Cl2(g)  (34) 

 

Table 46 - Copper recovery by electrolysis. 

Sample C0 /mg L−1 Recovery / % 

Solution 100 mg L−1 100 15 ± 6 

Solution 200 mg L−1 200 16 ± 4 

Desorption Cycle 1 100 ± 17 18 ± 9  

 

The current generated by the power supply was very weak (~1 mA), which limited the 

reduction of copper. Thus, much longer times would be necessary to recover more copper. It was 

observed that with a higher starting concentration it was easier to reduce copper, as the cathode 

was visibly more covered in copper. The 200 mg L−1 solution has similar recovery as the  

100 mg L−1 one, which could mean that the amount of copper reduced is proportional to the 

concentration. Electrolysis is viable to recover cations from solution and more suitable conditions 

can certainly generate better results. When testing the desorption solution, the electrodeposition of 

copper behaved similarly but the result shows more variability. It is possible that this solution has 

more compounds, namely moieties from the degradation of the aerogel, that affect the copper 

species in solution, the electrical conductivity of the media, and the chemical reduction itself.  
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5.12. Conclusion 

The different studies presented in this chapter allowed to draw many conclusions. Amine 

groups are indeed excellent for the sorption of metallic cations and the conditions used in 

supercritical drying do not induce changes in surface chemistry via the formation of carbamates. 

Thus, several formulations with differential Lewis base functional groups, containing nitrogen 

donor atoms, were developed and studied in depth.  

As it was expected given the results from the previous chapter, the xerogel counterparts of 

the different formulations prepared suffered densification during drying hence, aerogels are one 

order of magnitude lighter and more porous. The initial screening of adsorbents revealed that 

aerogel counterparts are generally better adsorbents and that only primary and secondary amine 

groups are efficient for the intended application. It was found that pH4 is more favorable for the 

adsorption of the studied metals, in agreement with their speciation diagrams. 

The in-depth study of the best samples (A_A, X_3A and A_A+3A) revealed that the 

Langmuir trend is verified in almost all cases and that the kinetic process can either reach 

equilibrium very fast or in a two-stage process depending on the adsorbate-adsorbent pair. These 

two stages may be attributed to the presence of two types of active sites in some of the materials. 

The isotherm and kinetic models suggest, in most situations, that the prepared adsorbents removed 

the cations by chemisorption.  

Thermodynamic tests with the A_A+3A adsorbent reveal the spontaneous nature of the 

adsorption process, being observed that it is exothermic for copper, endothermic for lead and 

cadmium and athermic for nickel. 

Competitive adsorption with binary mixtures revealed that A_A+3A is selective towards 

copper. In fact, copper is about three times more sorbed than nickel and about 50 times more than 

cadmium. The remaining cations do not seem to compete with copper until the latter’s 

concentration in solution is very low. Desorption experiments were not able to desorb the cations 

significantly, except copper using a 1M solution of HCl, whose recovery occurred at the expense 

of the degradation of the adsorbent. This degradation impaired the adsorption capacity of A_A+3A 

after regeneration. Electrodeposition tests allowed the partial recovery of copper from solution, 

being a suitable process to recover valuable ions. Testing higher electrodeposition times would 

allow to recover more copper.  
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Summary 

The work described in this chapter is focused on the synthesis of silica-based 

aerogel/xerogels modified with metal ionophores. To prepare the selective ORMOSIL adsorbents, 

azole (copper ionophores) and salen (copper and nickel ionophores) groups were investigated. 

These ionophore families were selected based on their availability, given the analysis of the survey 

presented in Annex II.  

The incorporation of the ionophore ligands in the matrix is achieved by the modification of 

the organic group of commercial silica alkoxides, that is later used in a co-precursor method. The 

modifications are confirmed by NMR and the adsorbents’ physical and chemical features are 

characterized. 

The performance of the materials is investigated with batch equilibrium tests, and their 

selective behavior is latter assessed by kinetic curves with single and binary mixtures of cations. 

The adsorbent modified with an azole ionophore showed a lackluster adsorption 

performance, possibly due to steric hindrance from atoms neighboring the azole ring and 

electrostatic repulsion between the two phases. The salen modified adsorbent showed an enhanced 

affinity for nickel, the cation with the highest removal. The interactions between the salen group 

and the hydrolyzed cations seem to be determined by the latter’s radius (or its size relative to the 

distance between the electron donor atoms in the salen). This material showed a clear selectivity 

for nickel, when in mixtures, and the removal of this metal was unaffected by interferents.  
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6.1. Experimental Procedures 

6.1.1. Materials 

As silica sources, methyltriethoxysilane (MTES, ≥ 99%), methyltrimethoxysilane (MTMS, 

98%), tetraethylorthosilicate (TEOS, 98%), (3-aminopropyl)trimethoxysilane (APTMS, ≥ 97%) 

and (3-glycidyloxypropyl)trimethoxysilane (GLYMO, 98%) were purchased from Sigma-Aldrich and 

used as received. 1H-pyrazole (98%, Alfa Aesar) and salicylaldehyde (pa, Merck) were used to modify 

the silica matrixes with ionophore groups. Anhydrous oxalic acid (≥ 99%, Sigma-Aldrich) and 

ammonium hydroxide (25% NH3 in H2O, Sigma-Aldrich) were purchased as sol-gel chemistry 

catalysts. Methanol (99.8%, VWR) and ethanol (≥ 99.8%, Fisher) were used as solvents. Deuterated 

methanol (CD3OD, 99.8%), dimethyl sulfoxide (DMSO-d6, 99.8%) and 3-(trimethylsilyl)propionic 

acid sodium salt (TMSP, 98%) were purchased from Eurisotop and used as solvents and internal 

reference for liquid NMR spectroscopy. Heavy metal solutions were prepared using copper(II) 

nitrate hemipentahydrate (p.a., Chem-Lab), lead(II) nitrate (≥99.0%, Sigma-Aldrich), cadmium(II) 

nitrate tetrahydrate (≥99.0%, Sigma-Aldrich), nickel(II) nitrate hexahydrate (crystals, Sigma-Aldrich). 

High purity water was used whenever needed. Nitric acid (65%, Fisher) or sodium hydroxide (pellets, 

EKA Chemicals) was used to adjust the pH of solutions. 

6.1.2. Preparation of Azole Modified Silica Aerogel 

Modification of GLYMO co-precursor 

The modification of the silica matrix with an azole ligand was achieved by modifying the 

organic group in a silicon alkoxide precursor with pyrazole. Through the reaction of the epoxide 

and pyrazole [330, 541], an azole modified silica precursor (POPTMS,  

1-(1H-pyrazol-1-yl)-3-(3-(trimethoxysilyl)propoxy)propan-2-ol) was obtained, as schematically 

represented in Figure 41. 

 

Figure 41 - Schematic representation of the POPTMS formation reaction. 

 

GLYMO and pyrazole were dissolved in methanol with a 10 mol% excess of the ligand. This 

mixture, labelled as 1, was stirred until homogenization and left to react in an oven for 24 hours at 

60 °C.  
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Synthesis of azole modified silica aerogel (formulation P) 

The ORMOSIL aerogels were prepared by diluting MTMS and TEOS in methanol and 

hydrolyzing them (0.1 M oxalic acid). After a full day, this mixture (2), was mixed with the so-called 

mixture 1 and stirred. After being stirred for hydrolysis of the POPTMS, the basic catalyst (1 M 

ammonium hydroxide) was added under stirring. These steps were carried out at 27 °C. The sol 

was gently stirred until gelation (~1 h) at 60 °C and was aged for four days at this temperature. The 

Si:solvent:acid water:basic water molar ratios in the sol were kept at 1:12:4:4 and the silica co-

precursors were mixed in an 50 MTMS/30 TEOS/20 POPTMS molar percentage. Aged gels were 

demolded and washed by being immersed in hot ethanol for two days, with ethanol being changed 

every day. The alcogels were dried via supercritical fluids extraction with CO2, (5 g min−1 at  

150 bar and 50 °C for 60 min). 

6.1.3. Preparation of Schiff Base Modified Silica Aerogel 

Modification of APTMS co-precursor 

The addition of a Schiff base functional group to the silica matrix was achieved by modifying 

the organic group in a silicon alkoxide precursor. The reaction between the primary amine of 

APTMS and salicylaldehyde was promoted [542, 543] resulting in a hemi-salen modified silica 

precursor (HSPTMS, (E)-2-(((3-(trimethoxysilyl)propyl)imino)methyl)phenol), according to the 

reaction shown in Figure 42. 

 

 
Figure 42 - Schematic representation of the HSPTMS formation reaction. 

 

APTMS and salicylaldehyde were mixed in methanol with a 10 mol% excess of 

salicylaldehyde. This mixture, labelled as 3, was stirred until homogenization and left to react in an 

oven for 24 hours at 27 °C. The mixture turned yellow instantly, indicating the formation of the 

hemi-salen.  

 

Synthesis of Schiff base modified silica aerogel (formulation Sl) 

To prepare silica aerogels with the HSPTMS precursor, MTES was diluted in methanol and 

hydrolyzed by adding a 0.1 M oxalic acid aqueous solution. After a full day, the hydrolyzed MTES, 

mixture 4, was mixed with the so-called mixture 3 and stirred. After a couple of minutes, TEOS 
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and then the basic catalyst (1 M ammonium hydroxide aqueous solution) were added. All sol-gel 

steps were carried out at 27 °C. The Si:solvent:acid water:basic water molar ratios in the sol were 

kept at 1:12:4:4 and the silica co-precursors were mixed in an 50/35/15 molar percentage for 

MTES, TEOS and HSPTMS respectively. Gelation and aging occurred in an oven at 27 °C for six 

days. Aged gels were demolded and washed by being immersed in hot ethanol (50 °C) for a total 

of six days, with ethanol being changed every day. Finally, the gel monoliths were dried in an oven 

for three days at 60 °C.  

6.1.4. Batch Adsorption Experiments 

The adsorption tests were conducted in the same way as described in the previous chapters. 

The powdered adsorbent (75-250 µm) and the cation solution are mixed in a test flask, that is 

shaken in a rotating stirrer at speed setting 16 (REAX 20, Heidolph Instruments). When the test ends, 

the solution is filtered, and the concentration of the filtrate is determined by flame atomic 

absorption spectroscopy with an acetylene-air flame (939 AAS, Unicam). 

Batch equilibrium tests were performed by changing the adsorbate concentration from 20 to 

500 mg L−1 and conducted for 24 h. For batch kinetic tests, contact times ranged from 5 min to  

24 hours, with an adsorbate concentration of 100 mg L−1 per cation in solution. These tests were 

conducted with an adsorbent dose of 2 g L−1 at pH 4 and 20 °C (for azole modified adsorbent) or 

25 °C for the Schiff base modified adsorbent. The selectivity of the materials was evaluated with 

the kinetic tests of binary mixtures.  

The adsorption of copper on the azole modified adsorbent was studied at pH 4 up to 7.  

To test the viability of recovering the nickel sorbed to Sl, a desorption test was performed 

with HCl and HNO3 on nickel loaded particles (from the isotherm studies with a starting 

concentration of 100 mg L−1). The loaded adsorbent was shaken with a 1 M solution of the 

desorption agent for three hours.  

6.1.5. Characterization of Materials 

The adsorbents were characterized in terms of structural properties, microstructure, and 

chemical composition following the procedures described in Sections 4.1.4. and 5.1.5..  

The modification with the azole ligand was studied in sample P by solid state 13C CP-MAS 

NMR, as described in Section 5.1.5.. Zeta potential measurements of aqueous suspensions of this 

powdered sample, at different pH values, were carried out by electrophoretic light scattering 

(Zetasizer NanoZS ZN 3500, Malvern Instruments). Previous to the measurements, an aqueous 
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suspension of the sample (0.1%, w/v) was dispersed in an ultra-sound bath for 10 minutes and the 

pH was adjusted by the addition of HCl or NaOH. The measurements were conducted in triplicate.  

The formation of HSPTMS was investigated by using NMR (Avance III, Bruker, 1H spectra 

collected at 400 MHz and 13C spectra collected at 100 MHz). For this analysis, HSPTMS was 

obtained directly via evaporation of the solvent. 1H and 13C spectra for both reactants and the 

resulting product were obtained by dissolution in deuterated methanol. The analysis of the 13C 

spectrum did not contribute with more information than the 1H spectrum analysis and thus, it is 

not shown. Linear shrinkage of the Schiff base modified adsorbent was calculated from the change 

in diameter of the dried sample and the gelation mold. 

6.2. Geometry Optimization of POPTMS and HSPTMS 

To provide insight on the interactions with the different ions, the geometry of hydrolyzed 

POPTMS and HSPTMS in water was computed. The system was composed of a box with the 

precursor molecule surrounded by water molecules, with full periodic boundary conditions. 

Additional details are given in Appendix C. The simulation was conducted in CP2K software v7.1 

[544] using the Geometry, Frequency, Noncovalent, eXtended Tight Binding (GFN-xTB) with the 

DFT-D3 dispersion correction [545, 546] as electronic model. Visual Molecular Dynamics was used 

as the visualization software.  

6.3. Azole Modified Silica Adsorbent 

6.3.1. Characteristics of the Adsorbent 

The modification of the silica network with the azole ionophore, and the resultant chemical 

composition were investigated via NMR. The 13C CP-MAS spectra of sample P is shown in Figure 

43. 

The NMR spectra clearly shows that the azole ligand is present in the silica matrix and that 

it is chemically attached to the silica backbone, via the expected reaction presented in Figure 41. 

Furthermore, it seems that the modification of GLYMO is fairly complete, as no peaks associated 

with the epoxide group are observable. The methyl groups from MTMS co-precursor are also 

identifiable in the spectra, alongside methoxide groups, indicating that the hydrolysis was not 

complete.  
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Figure 43 - 13C CP-MAS spectra of sample P. 

 

The physical properties of sample P are summarized in Table 47. Its aspect and 

microstructure are depicted in Figure 44 and its elemental composition is given in Table 48.  

 

Table 47 - Physical/structural properties of sample P. 

Bulk density 

/g cm−3 
Porosity 

/% 
SBET 

/m2 g−1 
Vpore 

/cm3 g−1 
Dpore 
/nm 

0.36 ± 0.05 74 ± 4 205 ± 2 2.1 ± 0.4 40 ± 8 

 

The aspect of sample P is very similar to ORMOSIL aerogels and is alike to the adsorbents 

presented in Chapter 5. This sample is dense for an aerogel (considering the common values), and 

this results in a porosity that is lower than that of other aerogel adsorbents developed in this thesis. 

Nevertheless, the SEM micrograph reveals a very porous aerogel, as confirmed by the pore volume 

and specific surface area. 
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Figure 44 - Photograph of adsorbent P (left) and microstructure at 20kx magnification (right). 

 

In terms of chemical composition, the NMR analysis reported in the previous section 

confirms the presence of the ionophore group in the sample and the incorporation of the several 

co-precursors. Furthermore, the elemental analysis results from Table 48 reveal that the sample 

features less nitrogen and hydrogen than expected. This might be due to an incomplete hydrolysis 

of some precursors, not considered for the theoretical scenarios presented in Table 48, which is 

also suggested in the NMR spectra of Figure 43. This is in fact possible as POPTMS has much less 

time for hydrolysis than the remaining co-precursors and it explains the higher amount of carbon 

in the sample, compared to the other elements.  

 

Table 48 - Chemical composition of sample P. 

Hypothesis wt% C wt% H wt% N 

Complete condensation 28.0 4.60 5.68 

Incomplete condensation 1 OH 25.7 5.15 5.20 

Incomplete condensation 2 OH 23.7 5.62 4.80 

Experimental 24.7 ± 0.5 4.56 ± 0.07 3.04 ± 0.02 
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6.3.2. Adsorption Performance 

The study of the removal of the cations under focus was initiated with the removal of copper 

and lead. These results are compiled in Figure 45 and Table 49.  

 

Figure 45 - Copper and lead sorption isotherms for sample P. 

 

Table 49 - Isotherm adsorption models fit parameters for sorption on sample P. 

 
Langmuir model Freundlich model Max. Exp. 

qe 
/mg g−1 

qmax 

/mg g−1 
KL x 103 

/L mg−1 
AIC BIC 1/nF KF /mg g−1 (L/mg)1/n AIC BIC 

Cu 8.9 4.4 2.9 −9.8 0.60 0.16 8.1 −4.5 5.4 

Pb 72 1.4 9.9 1.7 0.75 0.30 5.0 −3.2 28.7 

 

The aforementioned data reveals that the adsorption performance of sample P is very 

reduced, in particular with the sorption of copper. This result was unexpected as azole modified 

materials were shown to have a selective behavior towards the sorption of copper, therefore 

interacting and removing it well. A Langmuir type isotherm was obtained for copper, which 

indicates that adsorption occurred in active surface sites, while for lead the same type of behavior 

was not obtained. To better understand the underwhelming performance, an investigation on both 

the adsorbent’s surface (zeta potential) and the chemical speciation of copper (different starting 

pH with a concentration of 200 mg L−1) was carried out and the results are shown in Figure 46. 
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Figure 46 - Zeta potential of sample P (left) and copper removal (right) at different pH values. 

 

Figure 46 reveals that the surface of adsorbent P is positively charged despite silica having a 

negative surface charge [527, 528]. That might be a consequence of the surface chemistry 

modifications, as it is described elsewhere [547-549]. It is known that if the sorption of cations is 

driven by electrostatic forces or hydrogen bonding, the adsorbent surface must be negatively 

charged [210]; however, cation complexation (inner-sphere complexation) seems to be insensitive 

to the surface’s charge [210]. The tertiary amines are expected to complex with metal cations. 

The results of the geometry optimization of POPTMS are presented in Figure 47 and Table 

C. 1 and can provide further insight on the sorptive behavior of aerogel P. The azole ring of the 

precursor is smaller (estimated at 2.2 Å across) than the hydrated cations (Table 2). Furthermore, 

the donor atoms in this heterocycle are quite close (N-N bond length of 1.3 Å) and seem to be 

difficult to access due to the alkyl chain (C and second N, atoms 17 and 8 respectively vide Figure 

C.2, are distanced by 2.4 Å). The oxygen atoms in the alkyl chain could also interact with the 

cations, being 3.1 Å apart, but these are not as efficient in doing so. Thus, it can be stated that in 

sample P the azole groups are not easily accessible to metal ions; therefore, it is plausible that the 

latter would position themselves in the space shaped by the C-N-N chain. Steric hindrance from 

neighboring methylene or methine groups may avert the cations to place themselves in ways, such 

as stacked on the azole ring. Moreover, the adsorption of cations in their “free” hydrated state, at 

pH values up to 5, is not favored in this sample due to electrostatic repulsion. At pH 7, copper is 

hydrolyzed (CuOH+, Cu2(OH)2
2+ and Cu3(OH)4

2+), Figure 2, and the adsorption enhancement is 

due to an electrostatic interaction between the sorbent and less positively charge density of 

complexed copper ions or even to its precipitation.  

Given the lackluster adsorption performance found, sample P was not considered a suitable 

candidate for the adsorption of metallic cations or the recovery of copper.  
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Figure 47 - Representation of the computed optimum structure of the hydrolyzed POPTMS co-precursor. 

6.4. Schiff Base Modified Silica Adsorbent 

6.4.1. Schiff Base Reaction 

The formation of HSPTMS, via the reaction illustrated in Figure 42, was studied and the 

NMR spectra are presented in Figure 48. The formation of HSPTMS can be observed, namely, by 

the disappearance of the aldehyde group from salicylaldehyde (peak a, ~10 ppm) and the amine 

group in APTMS (peak b, ~2.7 ppm) in the product, and the appearance of a new proton associated 

with the azomethine (HC=N) bond (peak a, ~8.4 ppm). Protons associated with the methoxy 

groups and propyl chain did not suffer changes in their chemical environment, while the ones 

associated with the aromatic ring (peaks b-e in the salicylaldehyde and HSPTMS spectra) suffered 

some alterations, due to a new chemical environment.  
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Figure 48 - 1H NMR spectra for salicylaldehyde, APTMS and HSPTMS. 

6.4.2. Characteristics of the Adsorbent 

The obtained modified silica aerogel and its porous morphology are depicted in Figure 49. 

The physical/structural properties of the adsorbent are summarized in Table 50.  

Figure 49 - Photograph (left) and micrograph at 30kx magnification (right) of the Schiff base modified 
aerogel. 

 

Table 50 - Physical/structural properties of the Schiff base modified aerogel. 

Bulk Density 
/g cm−3 

Porosity 
/% 

Linear Shrinkage 
/% 

SBET 

/m2 g−1 

Vpore 

/cm3 g−1 
Dpore 

/nm 

0.22 ± 0.04 85 ± 3 10 ± 3 27.7 ± 0.3 3.9 ± 0.8 563 ± 122 
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The ORMOSIL aerogel samples feature a distinctive bright yellow color, due to the presence 

of the hemi-salen. Despite being dried by evaporation of the solvent, the gel remained a monolith 

with small radial shrinkage, resulting in a bulk density and porosity similar to that of amine modified 

silica aerogels, and contrasting to their xerogel counterparts (Section 5.4.). For the Schiff base 

modified aerogel, hydrogen bonding with solvent molecules does not counter the effect of non-

hydrolysable apolar groups in the network, resulting in low capillary stresses during solvent 

evaporation and low shrinkages in the final material. This result can be due to: the presence of the 

azomethine imine (fully substituted nitrogen) instead of a primary or secondary amine in amine 

modified gels; and the high pore radius. The same result was also achieved with thiol modified 

silica xerogels (Chapter 4). The specific surface area is small, which is due to the predominant 

macroporous nature of the material, as observable in Figure 49. 

The FE-SEM image depicted in Figure 49 confirms the high porosity of the sample, revealing 

numerous voids with a wide distribution of pore sizes. Additionally, the secondary silica particles 

are very small and seem to be poorly individualized, surely due to the extended aging period. This 

microstructure is similar to that of the amine modified aerogels from Chapter 5. The evaluated 

structural properties allow to conclude that the prepared sample can be considered an aerogel, 

according to the different proposals for this definition [340, 344, 353, 361]. 

The FTIR spectra and the C, H, N composition of the aerogel are presented in Figure 50 

and Table 51, respectively. The interpretation of the experimental results obtained by elemental 

analysis relies on theoretical assumptions regarding the condensation of hydrolyzed precursor 

molecules in the sol, previously detailed in Section 4.1.3..  
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Figure 50 - Infrared spectrum of the Schiff base modified adsorbent. 

 

The FTIR spectrum of the adsorbent reveals the formation of the silica matrix and the 

incorporation of the Schiff base in its structure. Bands associated with siloxane bonds are visible 

at 577, 1099 and 1162sh cm−1; bands associated with the ortho substituted benzene ring are visible 

at 1464 and 3100 cm−1 and bonded hydroxyl groups generate a broad band at 3431 cm−1. Some 

band are resultant from the overlap of different functional groups that vibrate at similar 

frequencies. The bands at 465 and 791 cm−1 are the result of overlapping vibrations from siloxane 

bonds and the benzene ring, while the band at ~1632 cm−1 results from the overlapping of multiple 

bond stretching of the benzene group, the azomethine bond and hydroxyl groups. These bonds 

limit the conclusions gained from this analysis. The remaining peaks are due to the methyl and 

methylene groups in the precursors MTMS and HSPTMS.  

 

Table 51 - C, H and N content of the Schiff base modified aerogel. 

Sample/Hypothesis wt% C wt% H wt% N 

Complete Condensation 27.0 3.7 2.4 

Incomplete Condensation 1OH 25.1 4.5 2.2 

Incomplete Condensation 2OH 22.9 5.1 2.0 

Experimental Values 24 ± 2 3.6 ± 0.1 2.5 ± 0.1 
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Analyzing the carbon content of the sample, the elemental analysis reveals that condensation 

is not complete, suggesting that the one hydroxyl group incomplete condensation hypothesis is the 

most likely. This result can be justified by the fact that HSPTMS co-precursor may undergo 

incomplete hydrolysis, in comparison to the remaining co-precursors, due to its slower reactivity 

and to it being added just before the base. Furthermore, the large organic group in this co-precursor 

is likely to hinder the formation of siloxane bridges. The nitrogen content in the sample is superior 

to the predicted, which can be related with the presence of ammonia residues even after the 

washing stage, as found before in samples without nitrogen-containing precursors (Chapter 5). The 

experimental value obtained indicates that there are 1.8 mmol of hemi-salen groups per gram of 

adsorbent, or 3.9×1019 active sites per square meter. It was verified experimentally by EDS that the 

distribution of the co-precursors in the aerogel matrix is not homogenous, as expected. Nitrogen 

was not detected with statistical significance in some portions of sample and in others, reached 4 

wt%. The hydrogen content is inferior to the predicted, but this element is also more affected by 

the randomness of the network ramification. The excess of salicylaldehyde seems to be completely 

removed by the washing stage, as the carbon content would exceed the predictions if otherwise.  

The addiction of the hemi-salen groups caused the silica surface to feature a positive charge 

(24 ± 1 mV), at the conditions for cation adsorption, instead of a negative charge found in non-

modified silica aerogels. Positive zeta potentials were also reported for amine-modified silicas [547-

549]. In fact, it is known that inner-sphere complexation, mechanism in which the cation is sorbed 

by losing its hydration shell and forming chemical bonds with the adsorbent, is insensitive to the 

surface charge of the adsorbent [210]. By contrast, if the sorption of cations is due to electrostatic 

forces or hydrogen bonding, it is only verified on a negatively charged adsorbent surface [210].  

6.4.3. Adsorption Performance 

The experimental data and the best isotherm fit are presented in Figure 51. The fit parameters 

for the studied models are reported in Table 52. 

Nickel removal, cation for which some salens were shown to be ionophores, was the highest 

observed out of the four cations studied. From the statistically point of view, the BET model 

represented the data the best for nickel, copper and lead, as the data points seem to follow a type 

II isotherm (gas isotherm classification) [550] or an L3 isotherm (solid-liquid isotherm 

classification) [199], which is less defined in nickel sorption. Thus, the adsorption on the Schiff 

base modified ORMOSIL aerogel is suggested to occur in multilayers of adsorbate deposited on 

the surface of the adsorbent. However, understanding how metal ions can form multilayers by 

sorption onto an ionophore-containing surface is not straightforward. In fact, the adsorption of 

metal ions from aqueous media is generally controlled by adsorbent surface chemistry and surface 
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area [202] and occurs in the form of coordination bonds [205, 206, 212-217, 280]. The interaction 

of Lewis bases-modified adsorbents with the heavy metal cations may be explained by the Pearson 

acid-base concept. Thus, the results reported in this section follow a different trend compared to 

amine modified silica aerogels (Chapter 5) or similar materials for which the Langmuir model fitted 

to the data the best in most situations [280, 497-499]. However, by the way the data is presented in 

the literature, I cannot conclude if testing higher cation concentrations would produce an isotherm 

shaped like a BET curve. Even so, it should be highlighted that a multilayer-like sorption for metal 

ions has been previously reported [551-554]. Different hypothesis for this observation can be raised 

and are discussed as following.  

The sorption isotherms can be due to a combination of different factors: the macroporous 

nature of the adsorbent [550] and the affinity between sorbate layers, as relevant as cation-

adsorbent interactions [199], assuming that multilayers are present. That is, adsorption is not an 

exclusive result of the interaction with active surface sites. Multilayer sorption is commonplace in 

the adsorption of organic pollutants due to van der Waals or π-π bonding; however, cations would 

repel each other. Some anions may interact with the adsorbed cation layer [530]; based on that, 

Jorgetto et al. [555] proposed that the BET isotherm reflects multiple adsorbate layers due to the 

electrostatic interactions between alternating layers of cations and counter-ions in solution. 

However, this situation does not seem so likely with the nitrate anions used in this work [530]. In 

fact, energy dispersive X-rays analysis conducted with the loaded adsorbent particles was not able 

to detect the presence of cations at the surface, with one exception for copper referred later.  

To obtain further insight on this matter, the hybrid Langmuir-Henry model, Table 52, was 

analyzed. This considers the possibility of the structure of water molecules inside the aerogel’s 

pores to be different than in the liquid water (bulk) allowing the dissolution of different amount of 

electrolyte, in addition to adsorption at active surface sites. If that is occurring, the hybrid 

Langmuir-Henry model would fit better to experimental data, which is not the case. Lead is the 

only cation for which the plateau corresponding to the monolayer sorption capacity is well-defined, 

resembling a Langmuir curve, suggesting that the cation-adsorbent interactions are strong in this 

case and, AIC and BIC do not agree on the preferred model; however, it can be observed that the 

data resembles the BET curve.  

Based on the previous observations I must conclude that in spite of the BET model 

represented the data the best for nickel, copper and lead, the adsorption of these cations does not 

occur in multilayers. As such, the increase in sorption capacity after a plateau (saturation of active 

sites) may simply reflect changes in the adsorbent’s surface/active site availability or the occurrence 

of metal nucleation induced by the salen-metal initial interaction [556-558]. EDS spectra support 

this conclusion, since some copper was quantified using a large area of sample.  
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Figure 51 - Adsorption isotherms onto adsorbent Sl in single-metal solutions. 

 

Table 52 - Fit parameters for the isotherm models and maximum uptake by Schiff base modified aerogel. 

 BET model Freundlich model Langmuir-Henry model  
qm/ 

mg g−1
 

KL x 103/ 
L mg−1 

KS x 103/ 
L mg−1 

AIC BIC 1/nF KF /mg g−1 

(L mg-1)1/n
F

 

AIC BIC qm / 
mg g−1 

KL / 
L mg−1 

KH x 
103 / 
L g−1 

AIC BIC Max qe 
exp/ 

mg g-1 

Ni 19  
± 2 

7  
± 2 

1.6  
± 0.0 

18 −3 1.3 ± 
0.1 

(2 ± 1) 
x10−2 

21 13 a) a) a) a) a) 49.9 

Cd 4  
± 2 

4  
± 3 

1.2  
± 0.3 

22 −19 1.1 ± 
0.1 

(9 ± 4) 
x10−3 

−6 −18 a) a) a) a) a) 5.1 

Cu 7.6  
± 0.4 

87  
± 24 

0.99  
± 0.08 

5 −8 0.33 ± 
0.04 

1.7 ± 0.4 7 1 6.6 ± 
0.9 

0.12 ± 
0.07 

15  
± 3 

11 −2 14.4 

Pb 14  
± 1 

524  
± 268 

0.8  
± 0.2 

30 10 0.16 ± 
0.04 

8 ± 2 23 15 14 ± 
 2 

0.5  
± 0.3 

17  
± 6 

32 12 23.4 

a) The model did not fit to the data. 

 

A different but related question that shall be addressed is the interaction mechanism between 

metal ions and the Schiff base. At the highest equilibrium concentration, the Schiff base:Ni ratio is 

2:1, meaning that not all potential sorption sites are occupied. In Chapter 5, the existence of 

multiple types of surface groups available for adsorption generated a L4 isotherm for copper. The 

adsorption occurs due to strong interactions with the adsorbent’s surface, since non-specific 

interactions, like electrostatic interactions with the positively charged surface of the modified silica 

aerogel, cannot occur. Thus, complexation of cations by the Schiff base occurs with partial loss of 

hydration water [210].  
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I propose that the hemi-salen groups interact differently with the cations, because of the 

latter’s hydrated radius and the proximity of adjacent Schiff base groups. To help support this 

hypothesis the geometry optimization of POPTMS in water was conducted, and its results are in 

Figure 52 and Table C. 2. The azomethine nitrogen and the hydroxyl group in the Schiff base are 

relatively close (distance estimated at 2.4 Å, Figure 52), compared to the cation’s hydrated radius 

(3.9 Å in the smallest direction for copper due to Jahn-Teller distortion; 4.1 Å for nickel; 4.6 Å for 

cadmium and 5.1 Å for lead [48]).  So, considering a single hemi-salen group, it is possible that the 

bigger cations are not complexed by both atoms, as they would retain a large radius even after 

partial loss of the hydration shell. The Schiff base could then act as two different active sites, for 

cadmium and lead, resulting in a weaker interaction between the phases. This justifies the cadmium 

isotherm and the reduced removal of cadmium and lead. The Freundlich model fitted to the 

cadmium sorption data the best, as a linear trend (Henry’s law) is observed. This shows that 

cadmium sorption is due mainly to pore diffusion rather than interactions between solid and liquid 

phases. A different hypothesis considers two adjacent hemi-salen groups complexing the metal 

together, in what would be a tetradentate salen ligand [542, 543, 559]. It is easily understandable 

that the distance between these groups will determine the cation size that acts as the coordination 

center. In this situation, potentially all of the cations tested can be sorbed, but because the 

distribution of the active sites in the adsorbent is not uniform, the distance between surface groups 

cannot be determined.  

The removal observed is very reduced when compared to the mercapto-amine aerogels of 

Chapter 4 or the amine-modified aerogels of Chapter 5 but is higher than non-modified aerogels, 

Sections 5.2. and 5.5.. The cumulative effect of the ionophore ligand, for which cation radius is 

important, and the impossibility of electrostatic interactions help to justify this observation. A silica 

aerogel not modified with Lewis bases groups (A_B vide Chapter 5) is not a good heavy metal 

sorbent, and only interacts with lead (the most labile) under the same conditions (uptake for copper 

of 2.5 mg g-1; 15.7 mg g-1 for lead; 1.6 mg g-1 for cadmium and 1.4 mg g-1 for nickel). The here 

presented Schiff base ORMOSIL aerogel is much more efficient in nickel removal than the salen 

modified silica gel (uptake capacity of 4 mg g-1) reported by Kursunlu et al. [498]. When modifying 

mesoporous silica with salen, Enache and co-authors found that the sorption of lead increased a 

little (20% for MCM and up to 5% for HMS) up to 99 mg g-1 [497]. The sorption of lead increased 

49% with the incorporation of the salen reported in this work. The nickel uptake reported in this 

work is also superior to that of some amine-modified silicas (28 mg g-1) [315] but is inferior to that 

of EDTA-modified silica (74 mg g-1) [300] or poly(sodium 4-styrenesulfonate)-modified zeolitic 

imidazolate framework-8 (330 mg g-1) [560]. The Schiff base silica aerogel is a better nickel sorbent 

than natural minerals, zeolites, sawdust and biochar adsorbents [561-563] and other materials [564, 

565]. 
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Figure 52 - Representation of the optimized structure of the hydrolyzed HSPTMS co-precursor. 

6.4.4. Kinetics, Competitive Sorption and Selectivity 

The HM sorption by the prepared adsorbent was studied in binary mixtures, as a kinetic test. 

The total molar uptake results are presented in Table 53 and Figure 53. The kinetic curves for 

copper and nickel sorption isolated and in binary mixtures are reported in Table 54 and Figure 54.  

 

Table 53 - Fitting parameters of the kinetic models for the total sorption onto Sl in binary mixtures. 

 Modified pseudo-second order model Pseudo-first order model 

q0 x 102 
/mmol g−1 

qe x 10 
/mmol g−1 

k2 /g mmol−1 h−1 AIC BIC qe x 10 
/mmol g−1 

k1 / h−1 AIC BIC 

Ni+Cd 9 ± 1 2.3 ± 0.2 0.8 ± 0.3 −10 −51 2.5 ± 0.3 0.9 ± 0.4 −32 −40 

Ni+Cu a) 3.7 ± 0.3 142 ± 68 −59 −63 3.6 ± 0.1 23 ± 7 −55 −59 

Ni+Pb 7 ± 2 2.8 ± 0.3 0.4 ± 0.2 −9 −50 2.6 ± 0.2 0.3 ± 0.1 −38 −46 

Cu+Cd a) 1.7 ± 0.4 32 ± 29 −27 −39 1.6 ± 0.2 8 ± 6 −24 −37 

Cu+Pb a) 1.3 ± 0.2 51 ± 32 −47 −55 1.3 ± 0.1 4 ± 1 −46 −54 

a) Negligible value. 
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Figure 53 - Adsorption kinetics for the total uptake in binary mixtures of (a) nickel and (b) copper. 

 

Table 54 - Fitting parameters of the kinetic models for the sorption of nickel and copper isolated and in the 
presence of interfering ions, onto Sl. 

 Modified pseudo-second order model Pseudo-first order model 

q0 

/mg g−1 
qe 

/mg g−1 
k2 /g mg−1 h−1 AIC BIC qe 

/mg g−1
 

k1 / h−1 AIC BIC 

Ni 4.7 ± 0.8 17 ± 3 (5 ± 3) x10−3 24 4 16 ± 2 0.3 ± 0.1 25 19 

Ni (w/ Cd) 3.7 ± 0.6 15 ± 2 (8 ± 3) x10−3 18 −2 14 ± 1 0.3 ± 0.1 20 14 

Ni (w/ Cu) a) 15 ± 2 (5 ± 3) x10−2 21 8 13 ± 1 0.5 ± 0.2 24 12 

Ni (w/ Pb) a) 14 ± 1 (2.3 ± 0.7) x10−2 9 1 13 ± 1 0.3 ± 0.1 14 6 

Cu a) 5.5 ± 0.4 1.0 ± 0.3 2 −11 5.4 ± 0.2 2.8 ± 0.6 5 −8 

Cu (w/ Ni) b) b) b) b) b) b) b) b) b) 

Cu (w/ Cd) a) 10 ± 1 0.13 ± 0.07 17 5 9 ± 1 0.8 ± 0.3 21 9 

Cu (w/ Pb) a) 8.0 ± 0.8 0.7 ± 0.3 5 −4 7.5 ± 0.4 4 ± 1 10 1 

a) Negligible value; b) System is always at equilibrium – Figure54(b). 

 

Figure 54 - Adsorption kinetics for (a) nickel and (b) copper, isolated and in binary mixtures. 
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The plots from Figure 53 and Figure 54 illustrate that a significant amount of adsorbates is 

sorbed in a short period of time. From there on, the adsorption process continues slowly, which is 

more pronounced when nickel is present. On the majority of datasets, the modified pseudo-second 

order kinetic model is reduced to pseudo-second order model, as there is no relevant initial 

sorption. The fit quality criteria, AIC and BIC agree that this model is clearly better than the 

pseudo-first order model, which indicates that the adsorption of the different sorbates is controlled 

by the surface reaction, i.e. the interaction with active surface sites. When an initial uptake is 

significant, AIC penalizes the modified pseudo-second order model for having more parameters 

(Table 53 and Table 54) while BIC considers this model more adequate than the pseudo-first order 

one. Figure 53 and 54 clearly show that the kinetic data follows the pseudo-second order trend, 

and so this model was chosen as the most adequate. Figure 51 elucidates that, on the concentrations 

tested for the kinetic tests, we are near the BET curve knee and thus, the insight provided by the 

kinetic tests does not allow to disprove the existence of multilayers since the BET theory assumes 

that the first layer is Langmuir-like and so it is reduced to the Langmuir equation when there is 

only one sorbed layer [231, 232].  

When copper and nickel are mixed, the sorption of copper (Figure 54b) is almost 

instantaneous and remains somewhat constant, while nickel sorption increases over time and seems 

that it has not reached equilibrium after 24 hours (Figure 54a). Figure 53 shows that the mixtures 

of cadmium and lead with nickel have a higher uptake than those with copper. Figure 54 clarifies 

this observation by revealing that nickel sorption is not affected by the presence of these interfering 

cations (considering the equilibrium uptakes and their error in Table 54), hence the equilibrium 

found has no statistically significant change for all situations presented, and its uptake is higher 

than that of copper. With copper (Figure 54b), interfering cations have a synergistic effect on the 

former’s adsorption, enhancing it, and its equilibrium uptake is affected by the interferents.  

The observation that nickel sorption is unaffected by the presence of interferents is a clear 

indication of selectivity of the material towards this cation. Furthermore, this selectivity could not 

be achieved by mere non-specific interactions between phases, meaning that the hemi-salen ligands 

in the aerogel are strongly binding this cation, corroborating the idea of strong interactions for 

some cations. This is most likely the reason for the different shape of the nickel isotherm.  

The recovery of nickel, achieved with the desorption tests with both desorption agents (HCl 

and HNO3) was of 7%, meaning that the recovery of the sorbed cation is not likely to be achieved 

without the degradation of the adsorbent, as a consequence of strong adsorbent-adsorbate 

interactions. Thus, it is not easy to regenerate and reuse this adsorbent. 

The selectivity coefficients in the binary mixtures are reported in Table 55. The selectivity 

coefficients confirm that nickel is sorbed preferentially, in the presence of the other tested cations, 
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as expected. In the absence of nickel, a selectivity towards copper is verified as expected from salen 

ligands.  

 

Table 55 - Selectivity coefficients of the Schiff base-modified aerogel. 

Cation 𝜶𝐂𝐮,𝐢 𝜶𝐍𝐢,𝐢 

Cd 3.7 9.4 

Cu 1.0 1.8 

Pb 7.5 5.4 

Ni 0.6 1.0 

 

6.5. Conclusion 

The development of two ORMOSIL materials based on ionophores was successfully 

achieved. The preparation of a silica precursor with the copper ionophore was achieved by the 

reaction of pyrazole with GLYMO, and the precursor with the nickel ionophore was obtained after 

reacting salicylaldehyde with APTMS. The modification of silica was confirmed by NMR analysis.  

The azole modified aerogel, adsorbent P, is not as porous as other modified aerogels 

presented in previous chapters but is still very porous. When tested for copper and lead adsorption, 

it became evident that the adsorption performance was lacking and the material did not interact 

properly with copper, for which it is supposed to be selective. Further investigations revealed that 

the adsorbent’s surface features a significant positive potential. Thus, the only interactions with the 

cations that are insensitive to this electrostatic repulsion is complexation, as occurs with other 

sorbents in this thesis. Because the sorptive performance is reduced, it is concluded that this 

material does not feature the ideal characteristics to remove metallic cations via sorption. 

The preparation of a selective adsorbent for nickel, by incorporating a salen ionophore in a 

silica network, resulted in a bright yellow adsorbent. The modified aerogel was dried via ambient 

pressure drying but remained a highly porous (85%) monolith, with a reduced linear shrinkage 

(10%). The small specific surface area obtained is a result of the macroporous structure of the 

material. The isotherm studies revealed that the BET curve fits the sorption of the majority of the 

tested cations, although different interactions with surface sites at higher sorbate concentrations 

seem more likely than the formation of multilayers. Nickel was the most sorbed cation. Kinetic 

studies evidenced a very fast initial uptake, which is sometimes reflected by what can be considered 

as an initial boost to the sorptive process, that slows down as active sites become occupied. The 

adsorption of binary mixtures revealed a high affinity for both copper and nickel. The selectivity 

coefficients calculated indicate that the prepared adsorbent removes nickel ~9 times more than 

cadmium, ~5 times more than lead and ~2 times more than copper, confirming the fitness of this 
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material for the recovery of nickel from solutions with other metals. However, it is clear that copper 

is only the preferred sorbate in the absence of nickel, as copper uptake decreases slightly in the 

presence of nickel as time increases and, nickel uptake is not affected by the presence of the other 

tested species in solution.  
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Different aerogel/xerogel adsorbents were prepared and are described in this thesis, 

confirming that adsorption is a suitable process to remove divalent cations from solution. These 

adsorbent formulations show that surface chemistry plays a key role on the formation of active 

sites for adsorption. It must be highlighted that non-modified silica-based aerogels/xerogels were 

not good adsorbents. The adsorbent surface area was also shown to be important, as aerogels can 

be more efficient than xerogels (Table 36), even though in some cases this property does not make 

a significant impact (Table 26, Table 36). Thus, the different results allow to conclude that the 

surface chemistry is the most important characteristic of the sorbent, as even xerogels or aerogels 

with low surface area (as low as 2 m2 g−1) are able to remove the studied cations (Table 28). However 

not all formulations led to efficient sorbents. Amine groups were shown to be better than thiol 

ones, and so the results from Chapter 5 focus on the former. Some functional groups (Table 36, 

Table 49), despite featuring electron donor atoms, did not interact properly with the cations. This 

could have been due to steric hindrance in the functional group, the relation between the ion’s 

radius and the size of the functional group, and the strength of the Lewis bases.  

Surface chemistry can however be limiting of adsorbent’s reuse. The strong interactions 

between functional groups at the surface of the adsorbent and cations can impair desorption and 

reuse, a result verified in this thesis (e.g., 7% nickel desorption from Sl). Nevertheless, the recovery 

of copper from A_A+3A was quite successful in adsorption-desorption cycles (complete 

desorption in the first cycle). Further analysis concluded that chemical regeneration of the 

adsorbent induced its partial degradation (Section 5.12.). Additional procedure optimization and 

testing of more conditions (e.g., smaller contact times, chelating agents as desorption agents) might 

inhibit the degradation of the adsorbent by chemical regeneration. Moreover, different functional 

groups, such as sulfonate, used in ion exchange resins, might allow the synthesis of good 

performing and reusable silica-based adsorbents.  

The ionic radius is of upmost importance, as found with adsorbents A_A+3A, P and Sl. The 

ionic radius affects the charge density and stability of the hydration shell. Lead is the more labile 

of the studied cations, hence it was easily removed by all adsorbents. However, copper and nickel 

are the most stable in solution and their removal is difficult and reflects stronger interactions 

between the phases (Section 5.9.). Besides, the cation’s size, compared to that of the functional 

group, also affects their ability to interact with each other. This was particularly relevant for 

adsorbents P and Sl, as some ions are too big to be coordinated by the multiple electron donor 

atoms present in the azole and hemi-salen, respectively, resulting in a weaker interaction between 

the phases. Another relevant aspect regarding adsorbents P and Sl is the possible steric hindrance 

of the electron donor atoms in the silica precursor. The limited interaction with the cations could 
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possibly be overcome if these atoms are present at the end of the silane’s organic group, which 

could improve the obtained adsorbent without new classes of ligands.  

The removal of the four cations under focus was achieved by different adsorbents prepared 

in this thesis, however, A_A+3A was considered the best sorbent for a universal solution as it is 

great when removing an isolated metal (Langmuir adsorption capacity of 60 mg g−1 for copper,  

347 mg g−1 for lead, 83 mg g−1 for cadmium and 66 mg g−1 for nickel). It was found that, in binary 

mixtures, this material favors the removal of copper (Figure 35) up to six hours of contact time. 

Although mixtures of more than two divalent cations were not tested, potentially, an effluent can 

be treated in different ways depending on its composition. If it has neither copper nor nickel it can 

be treated with A_A+3A for twenty-four hours to remove all pollutants. Copper can be removed 

from an effluent by employing A_A+A up to six hours, and then the resulting effluent can be 

further treated with another batch of A_A+3A to remove the remaining cations. An additional 

step for nickel separation can be performed with adsorbent Sl. More work needs to be conducted 

in this regard, namely, testing real effluents, testing cations of other valences (like sodium) or 

common cations in tap water (calcium, magnesium) as interferents, and performing continuous 

adsorption tests with column setups.  

Copper desorption was successful, and this cation can be recovered in a useful way via 

electrodeposition (Section 5.11.). Even so, the electrodeposition process can be further studied and 

improved upon, namely increasing the surface area of the electrode, using a better power source 

allowing to work with higher current intensities, and reaching longer times. The selective removal 

of nickel was possible with adsorbent Sl, that showed little affinity to other cations. Thus, these 

other cations did not affect the removal of nickel. Due to the strong interaction with nickel, its 

recovery was not possible without the destruction of the aerogel matrix. The regeneration of this 

sample might be possible by dissolving ligands, in organic solvents if needed, whose affinity for 

nickel is greater than that of the salen. To improve on the reusability of selective adsorbents, further 

ionophores, preferably non-salen, like porphyrins and crown ethers must be tested. It must be 

noted that the majority of reported nickel ionophores are Schiff bases and thus, vastly different 

results should not be expected. Furthermore, nickel sensors based on Schiff bases are limited to 

very dilute concentrations, which may hint that their reversible adsorption/desorption behavior is 

not verified at higher concentrations. Ligands with lower metal-ligand formation constants than 

Schiff bases but whose electron donor atoms are similarly distanced, might interact selectively with 

nickel due to steric hindrance, in an easier to reverse process. This might partly explain the 

selectivity and reversibility of A_A+3A’s sorption of copper.  
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The content of this annex is based on the author’s published work Assessment of heavy metal 

pollution from anthropogenic activities and remediation strategies: A review. 
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Table I. 1 - Heavy metal concentration in watercourses of sites affected by mines (minimum and maximum values). 

 Concentration in water / μg L−1 

Site [Ref.] Arsenic Cadmium Chromium Copper Lead Mercury Nickel Zinc 

Alto da Várzea, Portugal [83] 1.3 - 32.8 b.d.l. - 4.3 b.d.l. - 8.2 b.d.l. - 77.2 b.d.l. - 50.7 -- b.d.l. - 10.8 b.d.l. - 23.3 

S. Francisco Assis, Portugal [112] 1.0 - 7.8 b.d.l. - 0.36 -- 2.5 - 10.3 0.2 - 23.1 -- -- 5.0 - 319.3 

Iberian Pyrite Belt, Spain [85] 0.31 - 3604 b.d.l. - 2119 b.d.l. - 389 1.08 - 222700 b.d.l. - 1607 -- b.d.l. - 13682 b.d.l. - 683503 

Meca river, Spain [86] 130 800 -- 9200 360 -- 220 4090 

Assif El Mal, Morocco [87] -- -- -- 80 - 1320 48 - 64 -- 31 - 38 3040 - 5980 

Yongding River, China [96] -- -- 0.74 - 1.44 0.54 - 2.46 0.10 - 0.42 -- 1.59 - 7.95 3.25 - 34.7 

Yiyang, China [109] -- b.d.l. - 40 80 - 660 b.d.l. - 90 b.d.l. - 30 -- 10 - 600 3 - 4100 

Sidney basin, Australia [97] b.d.l. - 10 0.1 - 0.2 -- b.d.l. - 13 b.d.l. - 7 -- 45 - 220 13 -400 

Anka, Nigeriaa [99] 9736 - 13630 168 - 243 b.d.l. 53 - 210 48 - 153 -- -- -- 

b.d.l. - below detection limit; a Values refer to mine discharge water. 
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Table I. 2 - Heavy metal concentration in soils and sediments of sites affected by mines (minimum and maximum values). 

 Concentration / mg kg−1 

Site [Ref.] Arsenic Cadmium Chromium Copper Lead Mercury Nickel Zinc 

Soil 

Alto da Várzea, Portugal [83] 67.9 - 130 n.d. 3.6 - 22.6 10.2 - 17.8 17.0 - 39.8 -- 3.4 - 6.6 b.d.l. - 141 

Senhora das Fontes, Portugal [84] 50.9 - 375 b.d.l. - 4.0 10.5 - 93.1 b.d.l. - 92.1 11.0 - 48.8 -- 9.7 - 119 8.6 - 160 

S. Francisco Assis, Portugal [112] 223.6 1.3 37.8 163.7 58.6 -- 24.7 323.2 

Rubiais, Spain [88] -- 2 - 95 3 - 21 21 - 160 46 - 6100 0.2 - 24.8 5 - 41 340 - 52000 

United Kingdom [92] -- b.d.l. - 347 -- 22.9 - 77.5 348 - 42700 -- -- 321 - 53400 

Douai, France [89] -- 0.045 - 305 -- -- 7.8 - 5410 -- -- 30 - 31175 

Cultivated soils Douai, France [90] 6.2 - 29.0 1.86 - 21.25 34.8 - 69.5 15.5 - 46.2 101 - 1131.8 0.12 - 0.65 9.6 - 39.5 149.8 - 2167.0 

Litavka River valley, Czech Rep. [93] -- 3.0 - 67.5 -- -- 15 - 4705 -- -- 333 - 8728 

Pribram, Czech Republic [94] 126 - 252 0.12 - 11.9 -- 105 - 488 934 - 36234 -- -- 15.8 - 519 

Pribram, Czech Republic [95] 115 - 204 2.8 - 43.5 -- 12 - 146 278 - 4660 -- -- 252 - 5740 

Sør-Varanger, Norway [113] 0.6 - 12.3 0.1 - 2.9 5.1 - 56.9 9.9 - 1124.4 5.3 - 142.6 -- 8.9 - 1858.8 14.8 - 816.2 

Kosovska Mitrovica, Kosovo [91] 2.1 - 3900 0.10 - 47 7.0 - 1100 9.0 - 1600 34 - 35000 0.020 - 11 7.6 - 2600 32 - 12000 

Assif El Mal, Morocco [87] -- -- -- 53.9 - 117 74.1 - 165.8 -- 4.8 - 15.5 533 - 2042 

Kolwezi, DR Congo [101] 0.80 - 66.3 1.00 - 51.3 5.30 - 264.7 51.8 - 175859.5 6.10 - 1164.6 -- 5.8 - 793.2 26.9 - 10398 

Lubumbashi, DR Congo [102] 20 - 101 0.9 - 19.8 -- 11600 - 14200 21 - 809 -- 6.0 - 33.5 178 - 1250 

Lubumbashi, DR Congo [103] 35 - 94 20 - 40 42 - 141 6438 - 14385 114 - 2609 0.2 26 - 70 133 - 869 

Copperbelt Province, Zambia [104] 0.85 - 85.2 0.02 - 1.25 -- 2.89 - 37800 2.95 - 419 0.0055 - 0.39 -- 11.8 - 549 

Copperbelt Province, Zambia [105] b.d.l. - 254.9 -- 1.6 - 595.0 6.0 - 41900 b.d.l. - 503 0.002 - 0.441 b.d.l. - 132 b.d.l. - 450 
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Table I.2 - Heavy metal concentration in soils and sediments of sites affected by mines (minimum and maximum values) (continued). 

 Concentration/ mg kg−1 

Site [Ref.] Arsenic Cadmium Chromium Copper Lead Mercury Nickel Zinc 

Soil 

Northern Namibia 
[104] 

0.94 - 2370 0.11 - 511 -- 3.07 - 4970 9.21 - 8170 0.0038 - 4.39 -- 10.9 - 9740 

Sudbury, Canada 
[102] 

2 - 46 0.3 - 2 -- 52 - 1330 18 - 176 -- 54 - 1600 32 - 86 

Tongling, China 
[107] 

-- 1.18 - 25.97 28.25 - 155.07 50.46 - 788.94 41.45 - 337.10 -- 8.44 - 37.41 87.42 - 756.99 

Xikuangshan, China 
[108] 

5.60 - 352.22 0.10 - 130.63 -- 9.25 - 352.60 4.13 - 654.40 -- -- 51.83 - 5080 

Beijing, China [98] -- 0.14 - 0.90 20.72 - 74.90 17.60 - 145.0 16.60 - 152.65 -- 18.90 - 56.07 52.39 - 153.00 

Dexing, China [110] 10 - 210 0.5 - 2.6 60 - 95 29 - 429 40 - 540 -- 20 - 53 73 - 450 

Yiyang, China [109] -- 0.4 - 10.6 23.1 - 55.3 22.4 - 215.1 22.1 - 74.4 -- 14.1 - 40.2 91.3 - 484.5 

Chinaa [106] 
0.063 - 11299 

(195.5) 
n.d. - 292.8 

(11.0) 
1.0 - 684.0 

(84.28) 
n.d. - 5024 

(211.9) 
n.d. - 29702 

(641.3) 
0.001 - 72.25 

(3.82) 
1 - 1499 
(106.6) 

n.d. - 75300.9 
(1163) 

Maldon, Australia 
[100] 

19 - 185 0.03 - 0.37 23 - 57 14 - 59 12 - 76 0.1 - 9 7 - 23 22 - 328 

Adrianópolis, Brazil 
[114] 

-- 1.9 - 22.1 8.9 - 27.8 57.1 - 894.8 234.8 - 9678.2 -- 16.5 - 38.4 57.1 - 894.8 

Alaverdi, Armenia 
[115] 

24 - 1064 -- -- -- 9 - 3703 -- -- -- 

Akhtala, Armenia 
[115] 

9 - 276 -- -- -- 15 - 12562 -- -- -- 

Villadossola, Italy 
[116] 

5.3 - 6.1 0.3 - 1.3 44 - 101 28 - 72 32 - 92 -- 36 - 44 52 - 143 
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Table I.2 - Heavy metal concentration in soils and sediments of sites affected by mines (minimum and maximum values) (concluded). 

 Concentration/ mg kg−1 

Site [Ref.] Arsenic Cadmium Chromium Copper Lead Mercury Nickel Zinc 

Sediment 

Alto da Várzea, Portugal [83] 41.6 - 515 n.d. b.d.l. - 51.6 b.d.l. - 23.4 13.1 - 81.1 -- b.d.l. - 21.9 42.1 - 109 

Senhora das Fontes, Portugal [84] 35.8 - 153 b.d.l. - 3.8 3.3 - 44.7 b.d.l. - 54.8 9.3 - 89.0 -- b.d.l. - 36.9 b.d.l. - 197 

Lot River, France [117] -- 0.33 - 294 -- 16.7 - 264 27.9 - 1280 -- -- 81.5 - 10000 

Assif El Mal, Morocco [87] -- -- -- 6.69 - 9.99 39.1 - 51.0 -- 12.2 - 23.3 2018 - 3796 

Yongding River, China [96] -- -- 25.9 - 70.6 12.4 - 49.1 12.6 - 135 -- 21.2 - 174 39.6 - 161 

Maba river, China [111] 40 - 1103 1.6 - 45.7 40 - 65.3 40 - 857 80 - 167 1.0 - 5.5 16 - 41.5 220 - 3523 

Kolwezi, DR Congo [101] 0.70 - 34.7 1.10 - 28.9 5.70 - 252.9 115.50 - 209826.7 6.40 - 899.3 -- 3.60 - 204.3 25.90 - 300.5 

Lubumbashi, DR Congo [103] 17 - 159 b.d.l. - 158 42 - 121 4314 - 40152 70 - 10321 0.2 - 1.1 28 - 142 173 - 5463 

Anka, Nigeriab [99] b.d.l. - 2896 n.d. 164.41 - 665.67 5582 - 6539 170597 - 262964 -- -- -- 

n.d. - not detected; b.d.l. - below detection limit; a Mean values in parenthesis; b Values refer to mine sediments. 
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Table I. 3 - Heavy metal concentration in watercourses in sites affected by industries (minimum and maximum values). 

 Concentration in water / μg L−1 

Site [Ref.] Arsenic Cadmium Chromium Copper Lead Mercury Nickel Zinc 

Esmoriz-Paramos lagoon, Portugal 
[119] 

-- -- b.d.l. b.d.l. - 30 b.d.l. - 38 -- -- b.d.l. - 699 

Tigris river, Turkey [146] -- b.d.l. -- 58 - 92 b.d.l. -- 200 -400 70 - 130 

Karoon river, Iran [147] -- -- 0.7 - 118.3 0.5 - 70.3 -- -- 4.3 - 122.0 -- 

Khoshk river, Iran [148] -- b.d.l. - 180 100 - 550 10 - 60 20 - 130 -- 10 - 200 50 - 2730 

Yamuna river, India [149] -- 10 - 20 0 - 8 -- -- -- 20 - 210 -- 

Yamuna river, India [150] -- 1.7 - 433.0 2.6 - 1983.0 18.4 - 17642.4 6.8 - 1112.1 -- 1.4 - 2748.1 15.4 - 28520.9 

Yamuna river, India [139] -- 170 - 200 90 - 110 120 - 150 110 - 360 -- 1060 50 - 120 

Patancheru, India [151] 5.5 - 116.5 -- 4.2 - 46.8 -- 0.2 - 13.8 -- 4.9 - 54.1 32.8 - 364.8 

Kasimpur, India [152] -- -- 100 860 -- -- 120 300 

Gomti river, India [153] -- b.d.l. b.d.l. - 316 b.d.l. - 45 2 - 86 -- 7 - 186 22 - 160 

Gomti river, India [154] -- b.d.l. 1.0 - 5.7 b.d.l. 22 - 39 -- 9 - 17 11 - 32 

Karnaphuli River, Bangladesh [155] 13.31 - 53.87 2.54 - 18.34 46.09 - 112.43 -- 5.29 - 27.45 -- -- -- 

The Luan River Basin, China [156] -- 0.8 - 1.1 7.9 - 89.3 3.7 - 29.4 6.5 - 15.1 -- 1.34 - 13.9 55.8 - 176.3 

Jiangsu, China [133] -- -- 10 - 854 40 - 4500 -- -- 181 - 3800 9 - 354 

Taichung, Taiwan [132] -- b.d.l. b.d.l. - 52.3 b.d.l. - 61 b.d.l. - 0.39 -- b.d.l. - 33 b.d.l. - 15 

b.d.l. - below detection limit. 
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Table I. 4 - Heavy metal concentration in soils and sediments in sites affected by industries (minimum and maximum values). 

 Concentration/ mg kg−1 

Site [Ref.] Arsenic Cadmium Chromium Copper Lead Mercury Nickel Zinc 

Soil 

Estarreja, Portugal [120] 1558 1.1 1.2 132.9 270.8 109.0 1.6 165.5 

Estarreja, Portugal [121] 2.9 - 532.3 -- -- -- -- 0.03 - 13.65 -- 16 - 199 

Huelva, Spain [123] 8.9 -2066 0.16 - 18.4 6.50 - 112 269 - 10000 68.6 - 5469 -- 6.0 - 48.7 74.6 - 4707 

Bazoches-les Gallérandes, 
France 
[124] 

3.01 - 28.08 -- 14.54 - 92.67 3.94 - 34.23 3.59 - 1932.58 -- 7.43 - 40.79 7.96 - 86.90 

Avenmouth, United Knigdom 
[92] 

-- 54.5 -- 161 1740 -- -- 3630 

Prescot, United Kingdom [122] 18 - 143 4.0 - 44 -- 184 - 1123 311 - 575 -- -- 92 - 176 

Vojvodina, Serbia [125] 1.9 - 23 0.18 - 0.71 11 - 195 6.5 - 140 8 - 70 0.02 - 0.53 6 - 61 20 - 770 

Smederevo, Serbia [126] -- 0.22 - 4.61 0.01 - 115 7.12 - 183 20 - 140 -- 40.0 - 170 8.40 - 150 

Veles, Macedonia [127] 1.3 - 110 0.3 - 600 17 - 1800 11 - 1700 13 - 15000 0.01 - 12 7.3 - 600 22 - 27000 

Varanasi, India [144] -- 0.55 - 8.85 13.40 - 679.89 2.55 - 203.45 0.46 - 44.50 -- 2.00 - 34.45 14.23 - 387.78 

Titagarh, India [145] -- 
22.20 - 
51.00 

118.05 - 
190.40 

22.00 - 
166.50 

99.30 - 168.30 -- 
44.72 - 
133.80 

182.00 - 
285.00 

Wuxi, China [128] 9.9 - 22.1 
0.003 - 
0.370 

26.4 - 96.2 26.7 - 151.6 17.0 - 162.1 
0.066 - 
0.266 

-- 29.7 - 445.3 

Yixing, China [129] -- 0.09 - 0.37 43.34 - 67.83 15.31 - 38.11 35.56 - 53.66 -- -- -- 

South Korea [130] 
127.4 - 
67954 

-- -- 88.96 - 28024 
186.48 - 
122248 

-- -- 784.56 - 3962 

Monterey, Mexico [131] 114 - 6043 b.d.l. - 344 -- b.d.l. - 726 212 - 31420 -- -- 323 - 12280 
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Table I.4 - Heavy metal concentration in soils and sediments in sites affected by industries (minimum and maximum values) (concluded). 

 Concentration/ mg kg−1 

Site [Ref.] Arsenic Cadmium Chromium Copper Lead Mercury Nickel Zinc 

Sediment 

Esmoriz-Paramos lagoon, Portugal [119] -- -- b.d.l. - 255 6 - 232 7 - 299 -- -- 15  -  545 

Tigris river, Turkey [146] -- b.d.l. -- 25.39 - 194.53 b.d.l. -- 36.68 - 170.83 17.09 - 66.26 

Khoshk river, Iran [148] -- 0.1 - 2 114 - 253 19.7 - 63.4 29.6 - 199.1 -- 95.9 - 123.6 33.9 - 101.1 

Yamuna river, India [149] -- 0.82 - 4.6 6.8 - 35 -- -- -- 45.2 - 49.9 -- 

Yamuna river, India [139] -- 23 68 56 12 -- 25 76 

Gomti river, India [153] -- 0.14 - 20.71 3.87 - 60.97 2.23 - 118.5 4.68 - 111.2 -- 4.74 - 64.92 11.2 - 249.32 

Gomti river, India [154] -- 1.10 - 8.38 2.22 - 19.13 b.d.l. - 35.03 27.28 - 75.33 -- 6.53 - 29.76 11.40 - 101.73 

Karnaphuli River, Bangladesh [155] 11.56 - 31.53 0.63 - 3.21 39.18 - 160.32 -- 21.98 - 73.42 -- -- -- 

The Luan River Basin, China 
[156] 

-- 0.7 - 1.3 61.6 - 275.4 4.8 - 37.5 11.5 - 54.4 -- 4.1 - 58.8 58.7 - 278.6 

Jiangsu, China [133] -- 1.44 - 2.33 345 - 9671 440 - 9797 17.2 - 106 -- 251 - 2846 391 - 1483 

Taichung, Taiwan [132] -- b.d.l. - 6.3 13.3 - 360 10 - 280 10 - 62 -- 16.6 - 322 50 - 950 

b.d.l. - below detection limit. 
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Table I. 5 - Heavy metal concentration in watercourses in sites affected by several sources of pollution (minimum and maximum values). 

 Concentration in water / μg L−1 

Site [Ref.] Arsenic Cadmium Chromium Copper Lead Mercury Nickel Zinc 

Dil Deresi, Turkey [157] 10 - 290 3 - 15 16 - 110 11 - 94 11 - 370 -- -- 150 - 4100 

Tembi river, Iran [158] -- 70 - 350 130 - 580 260 - 710 590 - 1910 -- 160 - 830 110 - 510 

Korotoa river, Bangladesh [160] 10 -  92 0.9 -  22 33 -  126 23 -  119 8 - 64 -- 9.3 - 71 -- 

Songhua river, China [161] 0.10 - 3.80 -- 0.2 - 18.0a 0.50 - 37.00 0.50 - 28.00 -- -- 2.00 - 397.00 

Monte Alegro watercourse, Brazil [162] -- 0.02 - 0.06 0.17 - 0.59 1.00 - 6.08 7.10 - 18.80 -- -- 16.65 - 26.15 

a Defined as Cr(VI) content. 
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Table I. 6 - Heavy metal concentration in soils and sediments in sites affected by several sources of pollution (minimum and maximum values). 

 Concentration/ mg kg−1 

Site [Ref.] Arsenic Cadmium Chromium Copper Lead Mercury Nickel Zinc 

Soil 

Segura river valley, Spain [164] -- 0.15 - 0.88 21.1 - 42.5 16.1 - 30.6 8.9 - 34.5 -- 16.4 - 32.0 33.4 - 80.7 

Alicante, Spain [165] -- 0.34 26.5 22.5 22.8 -- 20.9 52.8 

Xi’an city, China [166] 3.10 - 14.5 -- -- 21.20 - 85.0 
19.80 - 
157.1 

-- 19.60 - 85.1 54.30 - 464.8 

China [167] 1.1 - 160.0 0.023 - 90.90 8 -  1341 3.5 - 1440 3.4 - 2521 0.003 -  15.4 4.0 - 348.9 13 -  2180 

Sediment 

Gulf of Taranto, Italy [163] -- -- 75.2 - 102.8 42.4 - 52.3 44.7 - 74.8 0.04 - 0.41 47.9 - 60.7 86.8 - 129.0 

Zarrin-Gol River, Iran [159] 10.69 - 29.98 -- 30.41 - 50.11 -- -- -- 10.09 - 13.84 26.22 - 39.81 

Tembi river, Iran [158] -- 10 - 40 11 - 74 37 - 100 141- 270 -- 52 - 150 21- 74 

Korotoa river, Bangladesh [160] 2.6 - 52 0.26 - 2.8 55 - 183 35 - 118 36 - 83 -- 37 -163 -- 

Monte Alegro watercourse, Brazil [162] -- 0.13 - 0.43 60.98 - 587 432 - 1569 216 - 696 -- -- 739 - 1724 
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Copper and Nickel Ionophores 
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The content of this annex is based on the author’s published work Ligands as copper and nickel 

ionophores: Applications and implications on wastewater treatment. 
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Selected works of copper and nickel selective ligands are discussed in the following 

subsections. These fall onto four main types of works, as briefly described below.  

The first two types of studies deal with the study of the ionophore molecule, evaluating the 

binding affinity towards the cation. These include the thermodynamic assessment on the ligand-

cation complex through computation of the formation constant (K) [411-413], and the 

development of colorimetric chemosensors, evaluating modifications occurring  in fluorescence 

intensities and/or absorbance upon complexation [414-432]. Some works take advantage of these 

ionophores to develop optodes. In fact, the development of chemosensors for metal ions is 

recurrent [433, 434]. An important parameter described is the selectivity (α), a measure in the 

response of a given cation in the presence of interferents.  

The third type of studies evaluates the selectivity of modified materials for adsorption tests. 

Mixed metal solutions are, in general, used to evaluate the effect of interferents on adsorption 

performance. Selectivity (α) can be calculated by the ratio of the distribution coefficients (Kd), 

although in some works other methods are used [335, 336, 339].  

The final category of papers, the most common one, regards the preparation of 

potentiometric ion-selective membranes electrodes (ISE). These are based on the incorporation of 

the ligand in the polymeric membrane, followed by the evaluation of its efficiency as a sensor. The 

selectivity of the sensor’s response to interferents is reported as the potentiometric selectivity (αpot) 

[477].  

 

Copper ionophores 

Copper selective ionophores or modified materials are discussed here. Table II.1 presents 

works in which the binding of the ligand and the ion was studied, and Table II.2 features works 

with modified materials and ion-sensing electrodes. The ligands discussed in Tables II.1 and II.2 

are presented, respectively, in Figures II.1 and II.3.  
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Figure II. 1 - Representation of molecular structures of selected copper ligands. Proposed functional groups 
responsible for cation interaction are presented in blue.  
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Table II. 1 - Selected studies where the interaction of ligands with copper and interferents is evaluated. 

Ligand 
Molecule 

Ligand Family Relevant Results Ref. 

(1.1) Crown ether 

Evaluated in methanol: 
log K 
2.47 Cu(II) 
2.22 Zn (II) 
3.41 Co(II) 
4.35 Na(I) 
6.08 K(I) 

[411] 

(1.2) 
Crown ether 
(aza modified) 

Evaluated in methanol: 
log K 
8.48 Cu(II) 
3.56 Co(II) 
1.50 Na(I) 
1.80 K(I) 

[411] 

(1.3) 
Crown ether 
(aza modified) 

Evaluated in methanol: 
Selective to Cu(II) in comparison to Cd(II), Hg(I) and Pb(II) 
as chlorides. Not selective for perchlorates and nitrates 
 

[412] 

(1.4) 
Crown ethers 
(thia modified) 

Evaluated in methanol/dichloromethane: 
log K 
8.6 Cu(II) 
4.8 Na(I) 
 

α > 17200 (Co(II), Ni(II), Zn(II)) 

[413] 

(1.5) Schiff base 
Evaluated in HEPES buffer/ethanol: 
log K  
4.2 Cu(II) 

[414] 

(1.6) Schiff base 
Evaluated in ethanol–PBS: 
log K  
4.9 Cu(II) 

[415] 

(1.7) Schiff base 
Evaluated in acetonitrile-tris buffer: 
log K  
8.4 Cu(II) 

[416] 

(1.8) Schiff base 
Evaluated in acetonitrile: 
log K  
5.5 Cu(II) 

[417] 

(1.9) Spiropyran 

Evaluated in ethanol: 
log K 
6.8 Cu(II) 
5.5 Co(II) 
4.8 Zn(II) 

[419] 

(1.10) Schiff base 
Evaluated in acetonitrile: 
log K  
8.4 Cu(II) 

[422] 

 

The results for binding studies via electrospray ionization process mass spectroscopy (ESI-

MS) for copper ligands are summarized in Table II.1 [411-413]. The works show that modified 

crown ethers tend to bind more strongly with copper than with other tested cations. However, 

when other salts, with different anions, are used this tendency was not maintained [412]. In fact, 

anions are known to affect the adsorption of cations on active sites [530, 566]. Furthermore, the 

number of cation interferents studied is limited. 
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Copper fluorescent ionophores were studied by several authors [414-421]. Some 

fluorescence images are depicted in Figure II.2.  The majority of these are Schiff bases. The salen 

studied by Mondal et al. [414] as a chemosensor in HEPES buffer/ethanol was subject to a 

quenching effect by copper, which is not affected by the presence of other metal ions. Similar 

results were obtained by Yang et al. [415] in ethanol–PBS, by Bing et al. [416] in acetonitrile-tris and 

by Nouri Moghadam et al. [417] in acetonitrile. In these works, the fluorescence intensity, and 

absorbance when evaluated, of the ligand-Cu(II) complex was not significantly disrupted by the 

presence of interferents. The ligand studied by Bing et al. [416], a Schiff base derived from 

benzimidazole, has its fluorescence intensity and absorbance quenched by some interferents. 

Nevertheless, these properties are vastly different when copper is present in a cation mixture. The 

ligand tested by Gündüz et al. [418] showed a very strong fluorescence response to copper in a 

DMSO/water mixture, compared to other metals, in spite of these not being tested as interferents. 

Matsushita et al. [483] verified that the fluoresce of europium(III)/poly(sodium acrylate) and 

terbium(III)/poly(sodium acrylate) composites was quenched by their interaction with other 

cations. It was concluded that the composites could be used for the detection of copper, as this 

analyte quenched the fluorescence of the composite almost entirely, a result not obtained for 

remaining ions.   

Several authors used chemosensing ligands to develop optodes. Shao et al. [419] studied a 

spiropyran derivate as a fluorescent ligand. The association constants between the ligand and 

several cations (Table II.1) as well as selectivity were evaluated, and it was found that the ligand is 

highly selective for copper. Luo et al. [420] used a porphyrin derivate with a bipyridine as the 

ionophore and reported that the influence of interferents on the fluorescence of the optode had a 

maximum offset of 5%. Aksuner et al. [421] used a fluorescent Schiff base and the membrane’s 

operation is based on quenching upon copper binding in water. Several interferents were tested 

and it was reported that these alter the fluorescence of the ligand, in the presence of copper, by a 

maximum of 7%. For the membrane developed by Gholivand et al. [422] the presence of an 

interferent in the sample only changed the absorbance by up to 5%, demonstrating the potential 

of the salen ionophore. A Schiff-base immobilized silica [432] exhibited an increase at absorbance 

intensity after binding with copper only, and was also shown to be a selective adsorbent.  
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Figure II. 2 - Fluorescence spectra changes and images reported by (a) Bing et al. [416] and (b) Gündüz et al. 
[418]. 

 

Many authors have reported the development of copper ISE [435-461], Table II.2. The 

electrodes are prepared with neutral ionophores (selective ligand) and are, most commonly, 

plasticized poly(vinyl chloride) liquid membranes [567]. The most common ionophores are Schiff 

bases [440, 441, 444, 447, 449-451, 453-455]. Other membrane components include anion 

excluders like sodium tetraphenylborate and solvent mediators such as chloronapthalene, dioctyl 

phthalate, tri-n-butylphosphate and dibutyl(butyl)phosphonate [443, 449]. It was found that despite 

different ligands being used as ionophores, the optimization of the membrane compositions 

ensures good selectivity results. In fact, these components are quite important, since other 

membrane formulations reported in these studies do not achieve the same results.  

Modified adsorbents compiled in Table II.2 were already discussed in Section 3.4..  
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Figure II. 3 - Copper ionophores applied to modify materials/membrane sensors and representation of 
proposed functional groups responsible for cation interaction (in blue). 
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Table II. 2 - Selected works containing selective modified adsorbents or ISE towards copper. 

Ligand Molecule Ligand Family Material Relevant Results Ref. 

(3.1) Oxime Resin 

Evaluated in sodium 
acetate/HCl: 
Kd  
2771 Cu(II) 
396 Cd(II)  
283 Zn(II)  
139 Ni(II) 

[338] 

chitosan and 
pyromellitic 
dianhydride 

Carboxylic acid 
anhydride 

Biochar 

Evaluated in water: 
αCu,i 

7<α<21 (Cd(II)) 
13<α<47 (Pb(II)) 

[213] 

carboxymethylated 
chitosan 

Carboxylic acid 
Chitosan hydrogel 
beads 

Evaluated in water: 
αCu,i 

3<α<19 (Pb(II)) 
0.5<α<4.9 (Mg(II)) 

[333] 

ethylene glycol 
dimethacrylate and 
copper methacrylates 

Acrylate polymer 

Core-shell-type 
metal ion-imprinted 
polymer 
microspheres 

Evaluated in water: 
αCu,i 

12.19 (Ni(II)) 
28.2 (Cd(II)) 
10.2 (Mg(II)) 

[334] 

(3.2) 
Crown ether (aza 
modified) 

Silica gel 

Evaluated in methanol: 
log K 
14.4 Cu(II) 
10.0 Ni(II) 
8.7 Cd(II) 
7.6 Co(II) 
7.5 (Zn(II)) 
Evaluated in water: 
competitive adsorption 
with Co(II), Zn(II) and 
Ni(II) shows that only 
Cu(II) is removed. 

[335] 

(3.3) and (3.4) 

Crown ether (aza 
modified) 
crosslinked with 
chitosan 

Chitosan 

Evaluated in water: 
αCu,i 

> 15.4 (Cd(II)) 
> 3.6 (Hg(II)) 

[336] 

(3.5) Amine Silica gel 

Evaluated in water: 
Kd  
1540 Cu(II) 
5.7 Cd(II) 
10.2 Zn(II) 
log K for the di-amine 
chain 20.1 

[337] 

(3.6) Porphyrin 
Carbon nanotubes 
paste ISE 

Evaluated in water: 
log αpot < −3.2 

[458] 

(3.7) Schiff base 
PVC membrane 
ISE 

Evaluated in water: 
log αpot < −3.6 

[440] 

(3.8) Schiff base 
PVC membrane 
ISE 

Evaluated in acetonitrile: 
log K  
4.7 Cu(II) 
<2.5 for remaining cations 
Evaluated in water: 
log αpot < −2 

[441] 
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Table II.2- Selected works containing selective modified adsorbents or ISE towards copper (concluded). 

Ligand 
Molecule 

Ligand 
Family 

Material Relevant Results Ref. 

(3.9) Schiff base 
PVC membrane 
ISE 

Evaluated in water: 
log αpot < −1.5 

[444] 

(3.10) 
Crown ethers 
(thia 
modified) 

PVC membrane 
ISE 

Evaluated in water: 
log αpot < −1.6 

[445] 

(3.11) Azole 
PVC membrane 
ISE 

Evaluated in methanol/water:  
ESI-MS revealed higher binding affinity 
for Cu(II) 
Evaluated in water: 
log αpot < −3.6 

[461] 

 

The results summarized in Table II.1 reveal that the stability constants for copper-ligand 

complexes are fairly high in the majority of cases. Knowing the binding constant between the 

organic ligand and the ion, one can accurately draw more conclusions about the selectivity of the 

ligand. This result is dependent on the experimental conditions, such as the solvent. Two studies 

stand out: the crown ether presented by Brodbelt et al. [411] has a higher stability constant for other 

cations than for copper; and the reported constants by Shao et al. [419] are not so different for 

copper and cobalt. Furthermore, it seems that crown ethers’ (and their aza modified counterparts) 

selectivity towards copper is not consistent across different works [335, 412], with the anions 

interfering significantly [412]. Despite not assessing the formation constant for other ions, in the 

remaining works described in Table II.1, the selectivity is shown in each study by the effect on the 

sensor’s response by cation interferents. 

The results summarized in Table II.2 reveal that the ligands can still act selectively when 

mobilized in modified adsorbents and in different media. However, despite good selectivity being 

reported, not many interferents are tested and there are several parameters that influence the 

properties of the adsorbent and the sorption conditions, leading to different results. Furthermore, 

it is possible to obtain selective results with much simpler ligands. Works dealing with ISEs show 

that a lot of ligands can act as selective copper ionophores. Although interferents are tested, the 

obtained potentiometric selectivity does not transfer well to the performance of a material modified 

with the ligand, since the membrane is composed by other elements.  

In conclusion, Schiff bases seem to be the best kind of copper ionophores, as evidenced by 

their abundance in the literature and the multiple parameters studied (K, α pot) that agree.  
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Nickel ionophores 

In this section nickel selective ionophores are discussed. Table II.3 summarizes works in 

which the affinity constant for the ligand-nickel complex was studied and Table II.4 presents nickel 

ISEs. The ligands discussed in Tables II.3 and II.4 are presented, respectively, in Figures II.4 and 

II.6. 

 

Figure II. 4 - Representative nickel ligands. Proposed functional groups responsible for cation interaction 
are presented in blue. 
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Table II. 3 - Selected studies where the interaction of ligands with nickel is evaluated. 

Ligand Molecule Ligand Family Relevant Results Ref. 

(4.1) Schiff base 
Evaluated in water: 
log K  

5.1 Ni(II) 
[423] 

(4.2) Schiff base 
Evaluated in acetonitrile: 
log K  

5.4 Ni(II) 
[424] 

(4.3) Schiff base 
Evaluated in bis-tris buffer: 
log K  

5.0 Ni(II) 
[425] 

(4.4) Pyridyl derivative 
Evaluated in methanol/water: 
log K  

5.1 Ni(II) 
[426] 

(4.5) Thioamide 
Evaluated in acetonitrile: 
log K  

11.8 Ni(II) 
[427] 

(4.6) Schiff base 
Evaluated in acetonitrile: 
log K  

4.5 Ni(II) 
[428] 

(4.7) Schiff base 

Evaluated in acetonitrile/water: 
log K  

5.9 Ni(II) 
4.2 Cu(II) 

[430] 

(4.8) Imine 
Evaluated in water: 
log K  

6.4 Ni(II) 

[431] 

 

Schiff bases [423-425] and a pyridyl derivative [426] were studied as colorimetric nickel 

sensors. The colorimetric detection of nickel, for some of these works, can be observed in Figure 

II.5. Changes in absorbance of specific wavelengths in the UV-VIS region were studied to 

determine the affinity of the ligand-nickel complex in the presence of interferents. The authors 

report clear differences in absorbance upon binding with nickel, even in the presence of 

interferents, showing that the latter do not bind significantly with the ligand. Based on one of these 

ionophores, Yari et al. [427] prepared a nickel selective optode, with a PVC membrane. Interferents 

only disrupted the measured absorbance by up to 6%.  

Other authors studied the colorimetric sensing of nickel via fluorescence studies [428-430]. 

The Schiff base proposed by Wang et al. [428] did not show such a clear response towards mercury, 

cadmium, copper and iron, as seen by fluorescence, generating similar emission intensities in the 

presence of nickel. Chowdhury et al. [429] also proposed a Schiff base for this purpose that presents 

a shift on the fluorescence maximum emission intensity from 460 to 393 nm, in acetonitrile, upon 

binding with nickel. This behavior was not observed with other cations, highlighting the selectivity 

towards nickel and, consequently this ligand can be used as nickel chemosensor. For another ligand, 

the presence of interfering cations alongside nickel, did not quench its emission intensity [430]. 

Fluorescent ligands were also used to develop optical membrane sensors [431]. Once again, the 
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authors demonstrate that interferents do not alter the fluorescence intensity verified in the presence 

of nickel [431].  

 

Figure II. 5 - Colorimetric detection of nickel and absorbance changes as reported by (a) Peralta-Domínguez 
et al. [423] and (b) Kang et al. [425]. 

 

Nickel ISE are also extensively studied in the literature [462-482], and selected works are 

summarized in Table II.4. These works are fairly similar to those mentioned in the previous section 

for copper.  
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Figure II. 6 - Representation of nickel ionophores used to prepare membrane sensors and proposed 
functional groups responsible for cation interaction (in blue). 
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Table II. 4 - Selected works containing nickel ISE. 

Ligand 
Molecule 

Ligand Family Material Relevant Results Ref. 

(6.1) Cyclic amide PS membrane ISE 
Evaluated in water: 
log αpot < −0.5 

[462] 

(6.2) 
Crown ether (aza 
modified) 

PVC membrane 
ISE 

Evaluated in water: 
log αpot < −2 

[465] 

(6.3) Imine 
PVC membrane 
ISE 

Evaluated in water: 
log αpot < −2.7 

[466] 

(6.4) Porphyrin 
PVC membrane 
ISE 

Evaluated in water: 
log αpot < −0.6 

[467] 

(6.5) Crown ether 
PVC membrane 
ISE 

Evaluated in water: 
log αpot < −0.1 

[473] 

(6.6) Schiff base 
PVC membrane 
ISE 

Evaluated in water: 
log αpot < −1.8 

[475] 

(6.7) Schiff base 
PVC membrane 
ISE 

log K  

7.3 Ni(II) 
<4.2 for remainder 
ions 
Evaluated in water: 
log αpot < −1.2 

[478] 

(6.8) Schiff base 
PVC membrane 
ISE 

log K  

7.2 Ni(II) 
<3.3 for remainder 
ions 
Evaluated in water: 
log αpot < −1.2 

[478] 

(6.9) Schiff base 
PVC membrane 
ISE 

log K  

5.8 Ni(II) 
<4.6 for remainder 
ions 
Evaluated in water: 
log αpot < −2.2 

[479] 

 

The works discussed in this section reveal that Schiff bases are the most common nickel 

ionophores. In fact, very similar molecules like salens were found to be copper ionophores on 

ISEs. This reveals that small changes in the ligand molecule can lead to different results (evidenced 

by the formation constants [478]), but also that the composition of the ISE membrane is of upmost 

importance as it may justify why such similar ligands result in membranes selective to different 

cations. The Schiff bases of Table II.3 show similar values for the formation constant and these 

are different than the copper ionophores Schiff bases. Furthermore, crown ethers were also used 

as ionophores in nickel ISEs but the results are not consistent across different studies. This might 

explain the previous result with copper.  
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Table A. 1 - Onset and end temperatures and mass loss for each thermal phenomenon in the aerogels of 
Chapter 5.  

Sample Phenomena # Tonset - Tend / °C Mass loss / % 

A_B 

1 55 – 77 0.6 

2 152 – 202 3.7 

3 340 - 424 5.1 

4 536 – 746 12.1 

A_A 
1 48 – 89 2.7 

2 439 – 629 30.5 

A_3A 
1 46 – 162 11.8 

2 350 – 510 25.2 

A_A+3A 
1 45 – 82 4.0 

2 333 – 574 31.0 

A_TRIS 
1 90 – 185 3.5 

2 467 – 549 26.5 

A_U 
1 135 – 219 20.3 

2 416 – 585 15.9 
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Initially, the desorption from A_A+3A with different desorption agents was studied with 

copper, metal of interest to recover. The desorption agents and its concentrations were selected to 

replicate procedures from the literature. These tests were conducted by placing 20 mg of loaded 

particles with 3 mL of desorption agent and the mixture was magnetically stirred for three hours 

and left to rest overnight. The results are compiled in Table B. 1. 

 

Table B. 1 - Desorption of copper from A_A+3A with different desorption agents. 

Cation Isotherm Initial Concentration  
/mg L−1 

Desorption Agent Desorption  
/% 

Sample 
Degradation 

Cu 100 HNO3 1M 70.1 + 

Cu 100 HCl 1M 125.8 + 

Cu 100 NaOH 0.1 M 71.6 + 

Cu 100 EDTA 0.05 M 0.01 + 

 

It was observed that with hydrochloric acid the blue loaded particles became white, while 

with sodium hydroxide and EDTA there was no change in this regard. Only with sodium hydroxide 

was the solution blue, due to the existence of hydroxides in solution. It was noticeable that the 

aerogel particles became much smaller and were not retained in a paper filter. To avoid this, 

magnetic stirring was no longer used. It is worth noting that the EDTA solution achieved no 

desorption, which indicates that the affinity of the cations towards the adsorbent is very high.  

A desorption percentage superior to 100% was obtained in the test with hydrochloric acid, 

which could be attributed to an unaccounted amount of copper that precipitated in the particles 

upon drying, or due to the heterogeneity of the material, meaning that the particles employed could 

have uptaken more copper and the average uptake was used in the calculus.  

The results of desorption tests from A_A+3A with multiple desorption agents conducted in 

a rotating shaker, with 20 mg of loaded particles and 3 mL of desorption agent, are given in Table 

B. 2. With the exception of EDTA, all prior desorption agents were further studied. Pertinent 

results are discussed in section 5.11.. 
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Table B. 2 - Heavy metal desorption from A_A+3A after three hours with multiple desorption agents. 
Effect of concentration of the cation and regeneration agent.  

Cation Isotherm Initial Concentration  
/mg L−1 

Desorption Agent Desorption  
/% 

Sample Degradation 

Cu 100 HCl 0.5 M 18.4 - 

Pb 100 HCl 0.5 M 29.6 - 

Cd 100 HCl 0.5 M 24.4 - 

Ni 100 HCl 0.5 M 23.5 - 

Cu 100 HCl 1 M 91.0 - 

Cd 100 HCl 1 M 43.2 - 

Ni 100 HCl 1 M 29.0 - 

Cu 200 HCl 1M 57.6 - 

Pb 200 HCl 1M 61.1 - 

Cd 200 HCl 1M 27.5 - 

Ni 200 HCl 1M 17.3 - 

Cu 100 HNO3 0.5 M 21.1 - 

Pb 100 HNO3 0.5 M 53.6 - 

Cd 100 HNO3 0.5 M 30.8 - 

Ni 100 HNO3 0.5 M 14.7 - 

Cd 100 HNO3 1 M 21.5 - 

Ni 100 HNO3 1 M 18.4 - 

Cu 200 HNO3 1 M 32.4 - 

Pb 200 HNO3 1 M 66.1 - 

Cd 200 HNO3 1 M 15.7 - 

Ni 200 HNO3 1 M 8.6 - 

Cu 100 NaOH 0.5 M 5.5 + 

Pb 100 NaOH 0.5 M 59.6 + 

Cd 100 NaOH 0.5 M 0.1 + 

Ni 100 NaOH 0.5 M 23.3 + 

Cd 100 NaOH 1M 0.2 + 

Ni 100 NaOH 1M 33.9 + 

Cu 200 NaOH 1 M 75.1 + 

Pb 200 NaOH 1 M 81.3 + 

Cd 200 NaOH 1 M 2.0 + 

Ni 200 NaOH 1 M 21.9 + 
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Additional data on the simulations carried out to optimize the geometry of POPTMS and 

HSPTMS precursors is found in this appendix. Figures C. 1 and C. 3 represent the initial simulation 

boxes, Figures C. 2 and C. 4 illustrate the atom numbering in the precursor molecule, and  

Tables C. 1 and C. 2 feature the cartesian coordinates for the optimized geometry of the precursor 

molecules.  

 

Figure C. 1 - Representation of the constructed simulation box used in the optimization of POPTMS. 
Dimensions: 2.5370 nm × 3.1676 nm × 2.5814 nm. The box contains 663 water molecules.  

 

Figure C. 2 - Atom numbering in the POPTMS molecule. 
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Table C. 1 - Cartesian coordinates of the hydrolyzed POPTMS precursor. 

Atom type (Number) X / Å Y / Å Z / Å 

Si (1) 10.448 19.391 11.764 

O (2) 9.558 20.333 12.763 

O (3) 10.212 19.892 10.230 

C (4) 9.925 17.525 11.934 

O (5) 12.051 19.524 12.000 

C (6) 10.906 16.536 11.275 

N (7) 12.261 10.067 11.806 

N (8) 12.472 9.702 13.079 

C (9) 11.494 8.855 13.385 

C (10) 10.647 8.671 12.288 

C (11) 11.175 9.465 11.288 

C (12) 10.540 15.086 11.589 

O (13) 11.559 14.268 11.023 

C (14) 11.505 12.900 11.386 

C (15) 12.501 12.158 10.478 

O (16) 11.814 11.716 9.320 

C (17) 13.198 10.966 11.163 

H (18) 9.514 20.494 13.715 

H (19) 9.591 19.911 9.498 

H (20) 9.855 17.251 12.993 

H (21) 8.918 17.335 11.532 

H (22) 12.847 19.507 12.534 

H (23) 10.908 16.687 10.190 

H (24) 11.926 16.698 11.640 

H (25) 11.440 8.415 14.367 

H (26) 9.768 8.057 12.233 

H (27) 10.850 9.641 10.276 

H (28) 10.497 14.914 12.676 

H (29) 9.555 14.840 11.160 

H (30) 11.776 12.774 12.445 

H (31) 10.501 12.477 11.233 

H (32) 13.284 12.873 10.175 

H (33) 12.446 11.463 8.611 

H (34) 13.764 10.411 10.404 

H (35) 13.882 11.326 11.933 
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Figure C. 3 - Representation of the constructed simulation box used in the optimization of HSPTMS. 
Dimensions: 2.6520 nm × 3.1410 nm × 2.4120 nm. The box contains 632 water molecules.  

 

Figure C. 4 - Atom numbering in the HSPTMS molecule. 
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Table C. 2 - Cartesian coordinates of the hydrolyzed HSPTMS precursor. 

Atom type (Number) X / Å Y / Å Z / Å 

Si (1) 13.960 19.172 9.061 

O (2) 15.227 20.114 8.609 

O (3) 12.896 19.988 10.008 

O (4) 13.171 18.573 7.790 

C (5) 14.645 17.662 10.099 

C (6) 13.667 16.470 10.187 

C (7) 14.198 15.391 11.131 

N (8) 13.295 14.250 11.146 

C (9) 13.764 13.065 11.341 

C (10) 12.853 11.960 11.505 

C (11) 13.318 10.653 11.718 

C (12) 12.422 9.611 11.893 

C (13) 11.048 9.852 11.831 

C (14) 10.569 11.132 11.637 

C (15) 11.457 12.194 11.425 

O (16) 10.993 13.438 11.252 

H (17) 15.668 20.921 8.889 

H (18) 12.749 20.762 10.572 

H (19) 12.944 18.204 6.937 

H (20) 15.600 17.305 9.684 

H (21) 14.887 17.982 11.124 

H (22) 12.681 16.794 10.549 

H (23) 13.521 16.043 9.188 

H (24) 15.210 15.076 10.841 

H (25) 14.237 15.785 12.155 

H (26) 14.837 12.882 11.452 

H (27) 14.388 10.474 11.789 

H (28) 12.790 8.608 12.076 

H (29) 10.349 9.027 11.960 

H (30) 9.504 11.317 11.590 

H (31) 11.887 14.029 11.164 

 


