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Abstract 

In recent years water contamination is reaching alarming levels, since the concentration of pollutants 

present in seas, lakes and streams has far exceeded water self-purifying capacity. The most 

widespread sources responsible for water pollution are urban and industrial dumps containing a vast 

range of dangerous substances. Despite wastewaters are always subjected to purification treatments, 

a complete remediation  is not always possible. The most common pollutants are heavy metal ions 

and organic compounds such as phenolic compounds, polybrominated diphenyl ethers (PBDEs), 

polycyclic aromatic hydrocarbons (PAHs), pesticides and synthetic dyes. All these substances are 

highly stable and can easily bioaccumulate in living organisms as xenobiotic molecules, causing 

chronic and acute toxicity or carcinogenic and mutagenic effects. 

Furthermore, substances as dyes can cause changes to the aquatic ecosystem as they absorb the 

sunlight limiting its penetration into deep waters, thus inhibiting the photosynthesis of aquatic plants 

and thus limiting the water  re-oxygenation capacity. 

In such a scenario, in the last few decades the scientific community has put a great deal of effort  into 

the improvement of wastewater remediation processes. Among the various treatments, adsorption is 

one of the most useful thanks to its simplicity and low cost. The great advancement in 

nanotechnology has paved the way for new highly effective nanostructured adsorbent materials. 

These generally porous nanoadsorbents are characterized by a high surface area and high 

surface/volume ratio, which greatly influence their adsorption capacity. 

The purpose of this thesis work was the development of new mesoporous adsorbents, namely 

functionalized ordered mesoporous silica (OMS) and metal organic frameworks (MOFs) for the 

removal of heavy metal ions and organic dyes two types of pollutants commonly present in 

wastewaters.. 

Both OMS and MOFs are characterized by high surface area, high surface/volume ratio, geometrical 

order, and easy synthesis or functionalization.  
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SBA-15 OMS and Fe-BTC type MOF have been successfully synthesized and characterized by 

means of different techniques, such as small angle X rays scattering (SAXS), powder X-rays 

diffraction (XRD), N2 physisorption, transmission and scanning electron microscopy (TEM and 

SEM), thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy (FT-IR).  

SBA-15 was functionalized with two different organic ligands, namely triethylenetetramine (TETA) 

and 2,8-dithia-5-aza-2,6-pyridinophane macrocycle (PyNS2), to obtain two different adsorbents, 

named SBA-TETA and SBA-PyNS2 which have been tested against some heavy metal ions (Cu2+, 

Zn2+ and Cd2+).  

The Fe-BTC, without further modifications, was instead tested as an adsorbent of two highly toxic 

organic dyes, such as Alizarin red S (ARS) and Malachite Green (MG).  

All adsorption experiments were monitored using Inductive Coupled Plasma Optical Emission 

Spectroscopy (ICP-OES) or UV-Vis Spectroscopy. This allowed the experimental determination of 

the adsorption capacity q of the three adsorbents, their thermodynamic and kinetic parameters. 

In the case of SBA-15-based adsorbents, further investigations on their properties were carried out 

by means of potentiometric titrations.  

 

 

 

 

  



3 
 

INDEX 

ABSTRACT ......................................................................................................................................... 1 

1 - WATER POLLUTION ..................................................................................................................... 5 

1.1 - HEAVY METALS .......................................................................................................................... 7 
1.1.1 - Zinc ................................................................................................................................. 9 
1.1.2 - Copper .......................................................................................................................... 10 
1.1.3 - Cadmium....................................................................................................................... 11 

1.2 - ORGANIC DYES ......................................................................................................................... 11 
1.2.1 - Malachite Green ........................................................................................................... 14 
1.2.2 - Alizarin Red S ................................................................................................................ 14 

1.3 - WATER REMEDIATION TREATMENTS .............................................................................................. 15 
1.3.1 - Precipitation .................................................................................................................. 16 
1.3.2 - Oxidation ...................................................................................................................... 17 
1.3.3 - Ion-exchange................................................................................................................. 19 
1.3.4 - Membrane filtration ...................................................................................................... 19 
1.3.5 - Flocculation ................................................................................................................... 20 
1.3.6 - Adsorption .................................................................................................................... 21 
1.3.7 - Bio-sorption .................................................................................................................. 22 

2 - ADSORBENT MATERIALS ........................................................................................................... 23 

2.1 - ORDERED MESOPOROUS SILICA (OMS) ......................................................................................... 23 
2.2 - METAL-ORGANIC FRAMEWORKS (MOFS) ...................................................................................... 27 

3 - KINETICS AND THERMODYNAMICS OF ADSORPTION ................................................................ 29 

3.1 - ADSORPTION ISOTHERMS ............................................................................................................ 31 
3.1.1 - Langmuir model ............................................................................................................ 33 
3.1.2 - Freundlich model ........................................................................................................... 34 
3.1.3 - Temkin model................................................................................................................ 36 

3.2 - ADSORPTION KINETICS ............................................................................................................... 37 
3.2.1 - Pseudo-First Order model .............................................................................................. 38 
3.2.2 - Pseudo-Second Order model.......................................................................................... 39 
3.2.3 - Intraparticle Diffusion model ......................................................................................... 39 

4 - CHARACTERIZATION TECHNIQUES ............................................................................................ 42 

4.1 - X-RAYS TECHNIQUES.................................................................................................................. 43 
4.1.1 - Small Angle X-Rays Scattering (SAXS) ............................................................................ 45 
4.1.2 - Powder X-Rays Diffraction (XRD) ................................................................................... 47 

4.3 - NITROGEN PHYSISORPTION .......................................................................................................... 48 
4.4 - ELECTRON MICROSCOPY ............................................................................................................. 50 

4.4.1 - Transmission Electron Microscopy (TEM) ...................................................................... 51 
4.4.2 - Scanning Electron Microscopy (SEM) ............................................................................. 53 

4.6 - THERMOGRAVIMETRIC ANALYSIS (TGA) ......................................................................................... 54 
4.7 - FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) .................................................................... 55 

4.7.1 - Total Attenuated Reflectance (ATR) sampling system .................................................... 57 



4 
 

4.8 - UV-VIS ABSORPTION SPECTROSCOPY ............................................................................................ 58 
4.9 - INDUCTIVELY COUPLED PLASMA OPTICAL EMISSION SPECTROSCOPY (ICP-OES) ...................................... 60 
4.10 - POTENTIOMETRIC TITRATIONS .................................................................................................... 61 

4.10.1 - The Glass Electrode (GE) .............................................................................................. 64 

5 - AIM OF THE THESIS .................................................................................................................... 66 

5.1 - FUNCTIONALIZED OMS FOR THE ADSORPTION OF HEAVY METAL IONS .................................................... 66 
5.2 - FE-BTC TYPE MOF FOR THE ADSORPTION OF ORGANIC DYES ............................................................... 69 

REFERENCES ................................................................................................................................... 71 

 PAPER I ……………………………………………………………………………………………………………………………………….. 

PAPER II ……………………………………………………………………………………………………………………………………….. 

PAPER III …..................................................................................................................................... 

PAPER IV ….................................................................................................................................... 

AKNOWLEDGEMENTS.................................................................................................................... 

 

 

 

  



5 
 

1 - Water pollution 

In recent decades, the pollution of the planet has reached alarming levels that have led to a real 

environmental emergency. Particulary, water contamination is reaching alarming levels for many 

ecosystem. Water has a great self-purifying power due to its ability to absorb oxygen from the 

atmosphere and its high solvent capacity that allows it to dissolve most of the pollutants introduced 

into it. Unfortunately, nowadays the concentration of contaminants present in seas, lakes and streams 

has far exceeded its self-purifying capacity. Soil and atmosphere pollution also indirectly contribute 

to water contamination.  As a matter of fact, substances as fertilizers or pesticides distributed in the 

soil by agricultural activities and very fine gases and dust diffused into the air by industrial activities, 

heating systems and use of fossil fuels, are then carried by rain into rivers, seas and oceans. 

Textile, tanning, food, cosmetic and pharmaceutical industries in continuous growth contribute 

strongly to the spillage of bio-recalcitrant and hazardous chemicals in the environment.1 

The most widespread sources responsible for water pollution are urban and industrial dumps 

containing a vast range of dangerous substances. This phenomenon is directly related to the 

disproportionate growth in global population. In various parts of the world, and particularly in 

developing countries, wastewaters are directly discharged into water bodies such as rivers, lakes and 

seas. On the other hand, in industrialized countries, despite wastewaters are subjected to purification 

treatments, it is not always possible to completely remove the pollutants present in it.  

Pollutants can be divided into three categories: biological, organic and inorganic. 

   Biological contaminants include bacteria and viruses responsible for waterborne diseases, such as 

hepatitis, cholera, typhoid fever, dysentery, polio, etc.  

   Inorganic pollutants are metals, salts and minerals which are naturally present in the environment, 

but whose concentration and distribution in the environment is altered by various anthropogenic 

activities such as mining, metallurgical and chemical processes. The toxicity of these substances 

derives from their accumulation in the food chains.2. In this category, heavy metal ions are of 
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considerable concern to the scientific community due to their devastating effects on the health of 

living organisms. 

   The category of organic pollutants is certainly the richest, because it embraces a wide variety of 

substances ranging from food waste, to phenolic compounds, polybrominated diphenyl ethers 

(PBDEs), polycyclic aromatic hydrocarbons (PAHs), per- and polyfluoroalkyl substances (PFAS), 

pesticides, petroleum, dyes and organochlorine pesticides (OCPs).3,4 The feature that makes them 

highly dangerous is their persistence, because of their high lipid solubility, lipophilicity and 

hydrophobicity, which causes a strong bioaccumulation.5 Organic chemicals are linked to the 

poisoning of kidney, liver and cerebral nervous system, while inorganic ions (such as heavy metals 

and their derivates) cause hypertension, infantile cyanosis, poisoning and cancer.6  

The consequences of water pollution are devastating for the enviroment since, in addition to the 

direct effects on health of living species, pollutants trigger mechanisms capable of altering the entire 

ecosystem. For instance, substances rich in nitrogen and phosphorus as fertilizers or detergents, 

cause an enrichment of the waters in nutritional salts, which increases the production of algae, 

aquatic plants and fitoplancton. The consistent biomass thus formed requires - at the end of its life 

cycle - a significant amount of oxygen for its degradation by microorganisms. This creates an anoxic 

environment and an exponential growth of anaerobic organisms which, by decomposing the organic 

substance in the absence of oxygen, release toxic compounds, such as ammonia and hydrogen sulfide 

(H2S). This phenomenon, known as water eutrophication, reduces biodiversity and causes structural 

changes to the ecosystem.  

Another alarming phenomenon is due to water soluble dyes. Due to their high ability to absorb 

sunlight, they prevent its penetration into deep waters, thus inhibiting the photosynthesis processes of 

the aquatic flora. This results into a decrease in the availability of oxygen for marine fauna. 

As part of this thesis, we wanted to focus on the water remediation from heavy metals and dyes by 

means of porous adsorbents.  
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1.1 - Heavy Metals 

Conventionally, heavy metals are defined as those elements characterized by high atomic weight and 

density higher than 4.5 g/cm3. However, the term “heavy metal” is considered imprecise and 

misleading, as asserted by the International Union of Pure and Applied Chemistry.7 The elements 

listed as heavy metals range from transition metals (from vanadium to zinc), to alkali metals (as 

barium), to non-metals (as selenium), to metalloids (as arsenic), and are generally associated with 

pollution and toxic effects. For this reason, Pourret et al. have proposed the replacement of the term 

"heavy metals" with the term "Potentially Toxic Element(s)" (PTEs), abandoning the definition 

based solely on atomic weight.8 These elements share common characteristics such as cationic 

character with different oxidation states and the strong aptitude to form molecular complexes in the 

cytoplasm. 

PTEs are natural components of the earth's crust which cannot be degraded or destroyed. They can 

be found in the form of hydroxides, oxides, sulfides, sulfates, phosphates, silicates and organic 

compounds, and are usually present in trace amounts in natural waters because of volcanic eruptions,  

rock weathering, biogenic sources and wind-borne soil particles. Unfortunately, the amount of PTEs 

present in the waters is increased disproportionately due to anthropogenic activities such as 

automobile exhaust (release of Pb), smelting (release of As, Cu and Zn), insecticides (release of As) 

and fossil fuels burning (release of Ni, V, Hg and Se).2 The most common metal pollution in 

freshwater comes from mining activity. The acid solutions used in the drainage processes designed to 

free the heavy metals from the natural matrix, are generally disperse into the groundwater. 

PTEs penetrate into aquatic organisms, where can be stored in species tissues, (particularly fatty 

tissues) thus becoming part of the food chain of other species, including humans. Some heavy 

metals, such as Fe, Cu and Zn, are defined "essential metals" because they play a key role in the 

functionality of the cells of living organisms and, in right concentration, are necessary for their 

survival. However, if in excess they are not metabolized by the body and thus accumulate in the soft 
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tissues, giving rise to toxic effects on health. On the contrary, elements such as As, Pb, Cd, Ni, Hg, 

Cr, Co are highly toxic even at very low concentrations, as they have no biological function.  

The solubility of heavy metals ions increases with decreasing pH. Once dissolved in water, PTEs in 

their ionic form become quite dangerous as they can displace essential metals from their biological 

sites causing malfunctioning of the cellular processes. Alternatively, they can react with other ions 

generating new toxic compounds inside the body, such as reactive oxygen (ROS) and nitrogen 

(RNS) species.9  ROS include hydroxyl radical (•OH), superoxide (O2 
•−) and hydrogen peroxide 

(H2O2), while RNS include nitric oxide (NO•) and its derivative peroxynitrite (ONOO−). 

(ROS and RNS are cellular metabolites that are produced in a para-physiological way in the living 

organism during normal metabolic processes involving lipids, proteins, carbohydrates and nucleic 

acids.10 Antioxidant enzymes such as glutathione (GSH) compensate the natural production of ROS 

and RNS, protecting proteins and other oxidizable compounds. When exogenous stimuli increase the 

concentration of  RNS and ROS beyond that which is physiologically tolerated, oxidative stress 

phenomena occur, causing a direct alteration of biomolecules. This causes inflammatory conditions, 

lipids peroxidation,11 DNA damages, neoplastic and atherosclerotic degenerations.12  

In Table 1 the maximum permitted concentrations (MPC) for PTEs in natural waters recommended 

by the EPA (Environmental Protection Agency) for the protection of human health, are reported. 

Table 1. Maximum permitted concentrations (MPC) for PTEs in natural waters recommended by the EPA. 

 Hg Pb Cd Fe Ni Cr Se Mn Ba 

MPC 

(mg/m3) 
0.144 5 10 300 13.4 50 10 50 1000 

 

These numbers are useful for comparing the degree of toxicity of the various elements in question. 

Mercury appears to be the most dangerous element among these mentioned, followed by lead, 

cadmium and selenium.  
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1.1.1 - Zinc 

Zinc is a ubiquitous trace element essential in a several biological processes as catalytic, structural, 

and regulatory ion. It is crucial for the growth and development of animals, microorganism and 

plants, since it is essential constituent of hundreds proteins13 and cofactor of  approximately 200 

enzymes such as metalloproteinases, transferases, phosphatases and oxidoreductases.12 For instance, 

as a cofactor for superoxide dismutase (SOD) and component of metallothioneis (MTs), zinc is 

indispensable to maintain a proper antioxidant status of the living organisms.14,15 MTs are proteins 

which favor the excretion of heavy metals like Pb, As and Hg from the body, while SOD is a metal 

enzyme responsible for the limitation of free-radicals proliferation, by dissociating the superoxide 

anion (O2
•-) into molecular oxygen. Moreover, zinc contributes to the synthesis of nucleic acids 

(DNA and RNA),14 stabilizes insulin hexamers,15 and regulates the activity of thymic hormones 

involved in the T lymphocytes maturation process.12 

Zinc is introduced into the body through the diet, but its excess in food and water due to 

environmental pollution, leads to a higher than natural intake (which should be 2.5 and 10 mg/day).12 

The excessive supplementation brings to adverse effects such as the suppression of copper 

absorption.15 More precisely, in response to the excess of Zn, an increase of  MTs occurs  and, since 

MTs express greater affinity for Cu, the latter get bound by these proteins and no longer pumped into 

the circulation.16 This Zn-induced Cu deficiency triggers gastrointestinal reactions, hepatic 

deterioration and is one of the causes of   hypochromic anemia.17  

Beyond dietary intake, zinc exposures can occur even through dermal route by overuse of topical 

products (ointments, cosmetics, sunscreen, etc)18 containing zinc oxide (ZnO), renowned for its good 

transparency and refractive index properties. In nature ZnO does not exist in bulk quantities, but it is 

largely synthetically manufactured and commercialized. An annual production of 500 tons is 

estimated and about 70% is used by the cosmetic industry.19 ZnO nanoparticles can penetrate the cell 

membrane and other biological barriers, causing cellular dysfunctions. They also contribute to the 

https://www.sciencedirect.com/topics/medicine-and-dentistry/metallothionein
https://www.sciencedirect.com/topics/medicine-and-dentistry/copper-deficiency
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generation of reactive oxygen species,20 resulting in oxidative stress, DNA damage, cytotoxicity and 

apoptosis.21  

1.1.2 - Copper 

Copper is present in different chemical forms throughout the earth crust, water and atmosphere. As 

an essential trace element, Cu plays an important role in several biological functions, as it is a 

constituent of numerous proteins and is involved in the activity of a wide range of enzymes like 

feroxidase, cytochrome C oxidase (CcO), superoxide dismutase (SOD), amine oxidase, laccase, 

catechol oxidase, tyrosinase etc.12 These species are implicated in the development of bones and 

connective tissues, brain, heart and nervous system, but also in the formation of red blood cells, 

absorption/transport of iron, and in the metabolism of cholesterol and glucose. Furthermore, Cu even 

stimulates the immune system and collaborates in the elimination of free radicals. 

As all the essential metals, copper is introduced into the living beings through the diet (with optimal 

uptake of 2 mg/day) and then eliminated by of biliary excretion. Copper chaperones are transporters 

proteins responsible of the transfer of Cu to its final destination or efflux out of cells when its 

concentration exceeds the optimum level.12 Indeed, its cycle within the body (uptake, distribution, 

utilization and excretion) must be tightly regulated because excessive concentration of Cu can lead to 

the production of highly reactive oxidative species, able to cause devastating effects in cells, DNA, 

proteins and lipids. In the +2 oxidation state, copper can take place to the Fenton reaction, according 

to which Cu2+, in the presence of superoxide O2 
•−  or biological reductants (as ascorbic acid), can be 

reduced to Cu+ and catalyze the formation of hydroxyl radical (•OH) through the decomposition of 

hydrogen peroxide H2O2 
12: 

Cu2+ + O2 
•− → Cu+ + O2 

Cu+ + H2O2 → Cu2+ + OH• + OH− 
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Moreover, both Cu(I) and Cu(II) have high affinity for cysteine, methionine, and histidine 

aminoacids, and can induce the displacement of other essential metal ions from their proteins active 

sites.  

1.1.3 - Cadmium 

Cadmium is a polluting agent classified as carcinogen. As a matter of fact, it is not involved in the in 

physiological processes of living organisms. Hence, since it has no biological function, Cd uptake, 

albeit in traces, can cause highly toxic effect both in plants and animals. 

In plants, oxidation stress induced by Cd provokes a decrease of mineral nutrients uptake, inhibits 

seed germination, alters chlorophyll biosynthesis and photosynthesis.22–24 In both animals and plants, 

adsorbed Cd could also trigger the burst of ROS and RNS, highly destructive for cells metabolism 

and integrity, and causing DNA mutations.25  

Cadmium is released into the atmosphere from waste sites, incinerators, plants that smelt and refine 

metals or product batteries and plastics. In everyday life, it is also possible to inhale Cd directly by 

smoking tobacco or electronic cigarette,26 by heating fishes coming from polluted water, or by 

dermal route though the use of particular cadmium pigments, which can also be inadvertently 

ingested in dry form.  

1.2 - Organic dyes  

 Before 19th century, dyes were extracted from natural sources (plants, insects, minerals) and, 

compared to synthetic dyes, were less toxic and more easily biodegradable.27,28 The first synthetic 

dye to have been mass-produced is the Mauvenine (also known as Aniline Purple), discovered 

serendipiously by W.H. Perkin in 1896 during his attempt to synthesize a compound for the 

treatments of malaria.29,30 Nowadays, commercially     available     synthetic dyes     are more  than  

10000.  They find application in cosmetics, printing, color photography, finishing processing of 

leather, pharmaceutical, etc, but the principal consumer of dyes is the textile  industries.6 

https://en.wikipedia.org/wiki/Incinerator


12 
 

Their annual production for textile industry worldwide amounts to 700000 tons, and nearly 10% is 

discharged to environment after dying processes.31 Indeed, up to 50% of the dyes used are not fixed 

to the textile fibers, and persist in the liquid phase.32,33 

Organic dyes are characterized by an aromatic structure (normally based on rings of benzene, 

naphthaline or antracene, atc.) composed by three fundamental groups : the chromophore, the 

auxochrome and the matrix.30 The chromophore, capable of absorbing light radiation in the visible 

spectrum range (380-750 nm) thanks to the delocalized electrons of double bonds,  represents the 

active site of the dye. The most common chromophores are nitro (─NO2), azo (─N═N─), nitroso 

(─N═O), thiocarbonyl (─C═S), carbon-sulphur (=C=S; ≡C-S-S-C≡), carbonyl (─C═O) and 

ethylene (─C═C─) groups. The auxochrome are ionizable groups which allows the fixation of the 

dye, and may be acidic (─COOH, ─SO3 and ─OH) or basic (─NH2, ─NHR and ─NR2). The rest of 

the atoms of the molecule correspond to the matrix.30 A short classification based on chromophores 

is shown in Table 2. 

Table 2. Classification of organic dyes based on chromophore groups. 

Azo 
 

Cyanine 

 

Xanthene 

 

Nitro 

 

Indigoid 
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Ozanine 
 

Antraquinone 

 

Thiphenil 

 

 

The degree of conjugation modulates the color of the dye and its intensity. For instance,  

when the number of aromatic nuclei increases, the high activity of the electrons π generates a 

displacement towards the long wavelength. Similarly, when an electron-donor auxochromic group 

(amino, hydroxy, alkoxy, etc.) is placed on a conjugated aromatic system joining the conjugation of 

the p-system, the resulting hyperconjugation leads to an enlargement of the absorbed wavelength 

range that gives rise to darker colors.  

The complex design of these mainly aromatic structures is designed to satisfy the needs of the 

industries, providing lasting colors with high chemical and photolytic stability. The downside is that 

this high stability allows a large amount of synthetic dyes withstands conventional remediation 

treatments, and is therefore discharged into the environment, where persists thanks to its strong 

resistance against biodegradation.6 

Once into the water bodies, these dyes absorb and reflect the sunlight stopping its penetration into 

deep waters, inhibiting the photisynthetic activities of aquatic plants and thus limiting the water  re-

oxygenation  capacity. 

Furthermore, the  potentially toxic nature of these compounds represents an increasing hazard both in 

fishes and mammals. In fact, they tend to bioaccumulate as xenobiotic molecules, causing chronic 

and acute toxicity, disturbance of blood formation, carcinogenic and mutagenic effects.6 



14 
 

1.2.1 - Malachite Green 

Malachite Green (MG) is a triphenyl cationic dye (IUPAC name [4-[[4-(dimethylamino)phenyl]-

phenylmethylidene]cyclohexa-2,5-dien-1-ylidene]-dimethylazanium) commercialized as chloride or 

oxalate.  

 

Figure 1. Molecular structure of Malachite Green (MG). 

This organic salt finds application as fluorochrome counterstain in histology,34 as antifungal drug in 

acquacultures,35 and as dyeing agent of wool, leather, silk and fiber products in textile industries 

from which it is then spilled into the environment with the wastewaters. 

However, MG is highly toxic and cannot undergo efficient biodegradation.36,37 Indeed, enters the 

food chain being readily absorbed by fishes where it is reduced by intestinal flora to leucomalachite 

green (LMG) metabolites.38,39 These metabolites persist in the tissues for as long as ten days and 

causes mutagenic and carcinogenic effects both in fishes and mammals.36,40–43 MG is therefore 

banned worldwide since 2002 for aquacultural use, and restricted in US and European manufacturing 

industries,44  but it may still be used illegally, because of its low cost and high efficacy.37  

1.2.2 - Alizarin Red S  

Alizarin Red S (ARS) is a water-soluble anionic dye of the anthraquinon class,45 more precisely the 

sodium salt of  3,4-dihydroxy-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic acid, also known as 

Mordant Red 3 or Alizarin Carmine. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/triphenyls
https://en.wikipedia.org/wiki/Salt_(chemistry)
https://pubchem.ncbi.nlm.nih.gov/compound/3%2C4-dihydroxy-9%2C10-dioxo-9%2C10-dihydroanthracene-2-sulfonate
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Figure 2. Molecular structure of Alizarin Red S (ARS). 

It is used in the field of histology, thanks to its ability to chelate calcium to form an orange/red Lake 

pigment useful to stain calcium deposits in tissues46–48 or evaluate distribution of  bone in developing 

embryos. ARS is also widely used in geology  to stain and differentiate carbonate minerals and 

fossils,49  and in marine science to mark daily growth layers in living corals.50 

Apart from applications in scientific research, ARS is even largely used for industrial dyeing of 

woven fabrics, wool, and cotton textiles to produce a deep and durable red color.51,52 

Like almost all organic dyes, ARS is characterized by high thermal, biological and optical stability 

because of its aromatic structures. Therefore it cannot be degraded completely via general biological 

and physicochemical processes.53,54 

ARS shares similar structure with flavonoids, a class of polyphenols from plants and fungi able to 

inhibit many enzymes.55–58 ARS can induce functional and conformational changes in enzymes such 

as catalase and cytochrome P450 isoenzymes, which have an important antioxidant function against 

oxidative damages induced by xenobiotics.59 Hence, ARS can exploit mutagenic and carcinogenic 

effects. Many studies demonstrated that ARS can even bind serum albumins, and this enables it to 

reach any part of the organism by means of the blood.60,61  

1.3 - Water remediation treatments 

The methods currently used for the treatment of water contaminated by heavy metals and organic 

dyes are listed in the following paragraphs. 

https://en.wikipedia.org/wiki/Histology
https://en.wikipedia.org/wiki/Staining
https://en.wikipedia.org/wiki/Calcium
https://en.wikipedia.org/wiki/Geology
https://en.wikipedia.org/wiki/Carbonate_minerals
https://en.wikipedia.org/wiki/Corals


16 
 

The conventional methods for the removal of polluting agents from water can be divided in physical, 

chemical and biological treatments.162 Physical techniques include adsorption, filtration, ion 

exchange, sedimentation, flocculation and extraction. 

Chemical remediation techniques include oxidation methods, phocatalysis, enzymatic degradation, 

electrochemical transformation and precipitation. However these methods impliy the use of 

expensive chemicals even though they are quite effective.63 Biological approach mainly exploits the 

action of microbes for the degradation of pollutants. Other bioremediation techniques include 

phytoremediation, biofiltration and flocculation etc.Despite these approaches have been employed 

for the degradation of harmful pollutants from different sources, are time consuming, complicated, 

expansive and furthermore less efficient and specific.  

In such a scenario, in the last few decades scientific community has made efforts devolved to the 

improvements of these remediation processes through the development of more efficient nano-based 

techniques.64  

The most common remediation techniques are summarized in Scheme 1 and described in the 

following paragraphs. 

Scheme 1 . Overview of the most wide widespread water remediation techniques. 

 

1.3.1 - Precipitation 

Heavy metals can be removed by forming insoluble species (Table 3) by adding alkaline reagents as 

hydroxdes (caustic soda NaOH, slaked lime Ca(OH)2, magnesium hydroxide Mg(OH)2), carbonates 

(slaked lime CaCO3, soda ash Na2CO3), oxydes (quicklime CaO), sulfides (iron sulfides FeS, alkali 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/flocculation
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and akaline earths sulfides CaS and Na2S, ammonium sulfide NH4S, hydrogen sulfide H2S) and/or 

artificially increasing the pH to exceed the solubility point.65,66 

Mn+ + n(OH)- ↔ M(OH)n↓ 

M2+ + (CO3)2- ↔ MCO3↓ 

M2+ + S2-↔ MS↓ 

The resulting metal oxides/carbonates/oxides precipitates are lastly removed from the stream by 

physical means, such as sedimentation or filtration.2  

Precipitation, given the simplicity of its implementation and its low cost, represents the most 

commonly practiced in the industrial field.64 

Table 3. Summary of the pks values of some heavy metal ions precipitates.67 

 Cu Zn Ni Fe Co Pb Cd Hg 

OH
-
 14.7 15.7 14.7 15.1 14.8 16.1 13.6 25.4 

CO3
2- 11.5 10.0 6.9 10.2 10.0 13.1 12.0 - 

S2- 35.2 23.0 18.5 17.2 20.4 27 26.1 47.0 

 

Hydroxide precipitation is the most widespread in metal removal due to its low cost and to the ease 

of recovering the metal hydroxides by flocculation and sedimentation at pH 8-11. However, sulfide 

precipitation has some advantages over hydroxide precipitation, such as lower solubility of metal 

sulfides, lower pH range and higher kinetic.68 

1.3.2 - Oxidation  

The purpose of the oxidation processes is to destroy the organic pollutants into the water bulk 

transforming them in non-harmful compounds, without the need of separation and post-treatment 

processes.69 There are several methods for oxidizing pollutants, including enzymatic catalysis, 

photocatalysis, the fenton reaction, etc.70 
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Enzymatic approaches are based on the use of enzymes (e.g. peroxidases) generally immobilized on 

solid supports (mesoporous silica, MOFs), which guarantee their protection from hostile enviroment, 

stabilization and reuse.71,72  

The Fenton reaction is a radical-induced degradation based on the use of hydrogen peroxide H2O2 

and iron cations Fe2+ which react generating hydroxyl radicals according to the reaction :73  

Fe2+ + H2O2 → Fe3+ + OH- + OH• 

Fe3+ + H2O2 → Fe2+ + OOH• + H+ 

The Fenton reaction was discovered in 1876 by Henry John Horstman Fenton, who noted the color 

change of tartaric acid in presence of H2O2 and Fe2+ salts.74 Fenton and modifier electro-Fenton  

processes  have  been  extensively used  for  the  degradation of benzene ring compounds, pesticides 

and azo-dyes.6,75 The disadvantages concerning the use of the Fenton process are the strict pH range, 

high cost due to the high H2O2 consumption, and loss of efficiency due to the accumulation of ferric 

sludge.76 

Photocatalysis is based on the use of metal-oxide semiconductor (generally nano-sized) 

photocatalysts which, being invested by radiations of suitable wavelength, get excited with the 

creation of a hole-electron pair able to cause the oxidation of chemical species adsorbed on the 

support surface. The transformation products are harmless susbtances.77 The most common 

photocatalysts are TiO2-based. Since the photocatalysts do not directly take part in the chemical 

transformation, they are reusable without loss of efficacy. The  main  disadvantage  of  these 

semiconductors is that their absorption spectrum falls more in the UV region than in the visible 

region. Moreover, although they do not undergo degradation, they are subject to fouling and coking 

phenomana, which make part of the active sites inaccessible, which makes periodic regeneration 

necessary to restore an acceptable level of activity. 
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1.3.3 - Ion-exchange 

Ion-exchange is based on a reversible chemical reaction, in which ionic pollutants present in 

contaminated water replace other ions with same electrical charge present in the structure of a solid 

matrix, from which they can be retrieved later (Figure 3).78  

 

Figure 3 . Schematic representation of ion-exchange. 

The exchange matrices are generally porous solids, such as zeolites, clays, synthetic resins, activated 

carbon and resins (highly ionic, covalently cross-linked, insoluble polyelectrolytes).66,79 The type of 

matrix and the pH regulation are the factors that control the selectivity of the process. The 

disadvantage of this method is that it can be applicable only to low concentration of contaminants.80 

Ion exchangers are able to exchange either positively-charged ion (cation exchanger) or negatively-

charged ion (anion exchanger) depending on the insoluble acid or base.81 The synthetic organic ion 

exchange resins are the most commonly employed, and are characterized by the presence of a 

hydrophobic part (uncharged carbohydrate group) and a hydrophilic part.82 

1.3.4 - Membrane filtration  

Filtration by means of membranes can eliminate a wide range of organic and inorganic contaminants, 

and suspended solids. This technology is very effective for the remediation of waters containing high 

concentration of pollutants, furthermore is rapid, require small space and generates low solid waste.64 

Membrane filtration technologies include principally ultrafiltration (UF), nano-filtration (NF) and 

reverse osmosis (RO).2 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ion-exchanger
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/organic-contaminant
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/inorganic-contaminant
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UF and NF consist in the use of porous mechanical filters the contaminants. UF membranes are 

characterized by pore size range from 5 to 20 nm, while NF membranes have pores one order of 

magnitude smaller, enable them to eliminate a greater number of substances. In RO, the process is 

driven by pressure, since the small size of the pores (in the order of 0.1 nm) does not confer 

spontaneity to the filtration, thus the completion of a mechanical work to cancel the effect of osmotic 

pressure is required. For this reason, even though RO is more efficient than UF, it requires more 

energy and is therefore more expensive. Furthermore, due to their tiny pores, RO membranes are 

more vulnerable to fouling (generally irreversible), which compromises their effectiveness and 

recyclability. 

Usually, the membranes do not simply represent a physical obstacle determined by the size of the 

pores, but exploit the different chemical affinity of the species. In order to increase selectivity and 

efficiency, the surface of the membranes can be modified with the introduction of suitable 

functionalizing agents.83  

1.3.5 - Flocculation  

Flocculation is a water and wastewater treatment technology whereby destabilization and consequent 

aggregation of pollutants in flocs thanks to the use of flocculating agents. The flocs can be later 

separated through sedimentation.4 Flocculants are generally chemicals with opposite charge to that of 

the pollutant to be removed. Once the pollutant is neutralized, the small suspended particles are 

capable of sticking together forming the flocs. The extent of flocculation depends on the 

opportunities for contact between the particles and therefore on the concentration of the particles and 

their size, but also on thevelocity gradients in the system. Indeed, high-energy rapid-mix promote 

particle collisions that is needed to achieve good flocculation.66 

Inorganic flocculants are generally salts of multivalent metals, and are the most commonly used 

because of their low-cost and ease of use, although they have low flocculation efficiency and can 

generate secondary pollution due to a residue metal concentration in the treated water.84  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/flocculation
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Even organic polymeric flocculants, although being much more effective, have the disadvantage of 

being poorly biodegradable. On the contrary, biopolymers based flocculants are highly 

environmental friendly but are needed in large dosage due to its moderate flocculating efficiency. 

Thus, recently different alternatives based on synthetic polymers grafted onto natural polymers are 

being studied, in order to combine the best properties of both.85,86 

1.3.6 - Adsorption  

Adsorption is the process by which ions, atoms or molecules (adsorbate) adhere to the surface of a 

solid material (adsorbent). This phenomenon is limited to the surface, hence differs from absorption 

which implies the penetration of the fluid to the entire volume of a material (Figure 4).  

 

Figure 4. Representation of adsorption and absorption processes. 

The characteristics of the adsorbent are crucial for the effectiveness of the treatment. Adsorbents 

must be inert and chemically stable materials, possibly recyclable and characterized, above all, by a 

high surface area. Nano-based approaches are economic and more efficient for the remediation of 

polluted water. Indeed, porous nanomaterials, which offer several advantages such as high surface 

area, better adsorption capacity and low costs, are the most popular for the implementation of this 

type of treatment. The most used adsorbents are activated carbon, silica, alumina, clay, metal oxides 

(such as CuO), molecular sieves and, in recent years, Metal Organic Frameworks (MOFs) are also 

attracting considerable interest. The choice of the material is made based on the type of substances to 

be adsorbed, and on the type of interaction to be exploited.  

Depending on the type of interactions that are established between adsorbate and adsorbent, a 

distinction can be made between physical adsorption (based on weak interactions such as London's 
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forces, Van der Waals interactions and dipole-dipole forces) and chemical adsorption (based on 

stronger interactions such as chemical bonds). Physical adsorption is generally exploited, but the 

functionalization of the adsorbent material surface with suitable functional groups or molecules, 

allows for chemiadsorbing the pollutants, thus making the process more specific. In the aqueous 

environment, the improving factors of the adsorption process are high surface area, low surface 

binding energy,  adsorption activity, chemical activity and lack of internal diffusion resistance.  

The limit of the adsorption is that the adsorbent material loses efficiency with very concentrated 

solution due to a quick saturation with the adsorbate.2  

1.3.7 - Bio-sorption  

Biosorption refers to the removal of pollutants from water systems using biological materials as 

adsorbents. Biosorbents contain a wide variety of functional sites (i.e. carboxyl, imidazole, 

sulphydryl, amino, phosphate, sulfate, thioether, phenol, carbonyl, amide and hydroxyl groups) and 

are easily available. Examples of bioadsorbents are bacteria, fungi, yeast, algae, industrial wastes 

(e.g. biomass wastes from fermentation and food industry), agricultural wastes (e.g. peels, shells, 

kernels)87 and other polysaccharide materials, etc.88 The pretreatment and modification of 

biosorbents aiming to improve their sorption capacity was introduced and evaluated. However, the 

biosorption easily reaches a breakthrough when applied to highly polluted solutions,2 furthermore it 

is a slow process and the regeration of the biosorbents is difficult.89 
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2 - Adsorbent materials 

Adsorbent materials can be classified as purely inorganic (silica, metal oxides, combined metal-silica 

based materials), purely organic (hollow carbon particles, organic polymers) or hybrid organic-

inorganic materials (organosilica, Metal-Organic-Frameworks).90 

Generally the adsorbents have porous structure (Figure 5) which provides them a high surface area. 

According to IUPAC (International Union Pure and Applied Chemistry), porous materials are 

classified on the basis of the pore diameter Ø: 

 macroporous material: Ø > 50 nm;  

 mesoporous material:  2< Ø <50 nm;  

 microporous materials: Ø < 2 nm.  

 

Figure 5. Representation of the pollutants adsorption performed by a porous material. 

2.1 - Ordered Mesoporous Silica (OMS) 

In the last decades, the interest for ordered mesoporous silica (OMS) has increased thanks to their 

characteristics such as the high surface area (up to 1000 m2/g), high surface/volume ratio, uniformity 

of pore size (2-20 nm), high structural order, excellent stability towards high temperatures, acidic pH, 

microbial attack, biocompatibility.91,92 These peculiar characteristics make OMS particularly suitable 

towards a wide range of applications such as nanomedicine,9394 adsorption, catalysis and 

biocatalysis,71 and biosensing etc. 
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Furthermore, the OMS synthesis is very easy and reproducible,95 and allows an easy modulation of 

the physical parameters of the material (size, pore dimensions, surface area, morphology and wall 

thickness).9697 

The first method of direct synthesis of mesostructured silicas was published in 1992 by scientists of 

the Mobil Oil Corporation, who synthesized and characterized a new family of silica based 

mesoporous materials called M41S, with cubic phases (MCM-48), lamellar phases (MCM-50), and 

hexagonal phases (MCM-41).98 Few years later, in 1998, the synthesis of another hexagonal OMS, 

similar to MCM-41, but constitued by larger particle and pore sizes, named SBA-15 (Santa Barbara 

Amporphous) was pubblished.99 MCM-41 and SBA-15 are surely the most famous silica-based 

mesostructures.100,101 

The mechanism at the base of OMS synthesis was initially defined as Liquid Crystal Templating 

Mechanism (LCT). Later studies contradicted the LCT mechanism and supported the hypothesis 

proposed by Monnier of a mechanism called Cooperative Templating Mechanism (CTM)102 (Figure 

6) consisting of a cooperative formation of inorganic-organic interfaces in the synthesis of silicates 

mesostructures.103 

 
Figure 6. Schematic representation of the cooperative templating mechanism (CTM). 

Surfactants dissolved in aqueous medium above their critical micelle concentration (CMC) generate 

supramolecular aggregates known as micelles thanks to the non covalent intermolecular interactions 

(such as hydrophobic interaction, van der Waals forces, including London forces, Keesom and 

Debye interaction, hydrogen bonds). By interacting with each other, the micelles form liquid 
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crystals, which will form a "mold" on which the silica structure will be modeled by polymerization 

of its polyanionic precursor (tetraalkoxysilane). 

Indeed, the tetraalkoxysilane molecules (Tetraethylorthosilicate TEOS, Tetramethylorthosilicate 

TMOS, Glycidoxypropyltrimethoxysilane GPTMS), that constitute the precursors of silica, interact 

with the micellar systems arranging themselves on their external surface, reducing the micelles 

mobility and stabilizing the dispersion.104 

 
Figure 7. Polymerization mechanism of tetraalkoxysilane during the silica synthesis.  

Tetraalkoxysilane molecules then polymerize (Figure 7) generating mesoporous silica particles in 

which the surfactant is trapped inside the pores.105 In some case, an hydrothermal treatment at higher 

temperature is carried out to complete the assembly of micelles and the polymerization of the silica 

source. Finally, the mesostructured material is recovered after surfactant removal by solvent 

extraction and/or by calcination.106  

The final structure (lamellar, hexagonal, discrete cubic and bicontinuous cubic) and the morphology 

(spherical, rod-shaped, wire-shaped, etc) of the different types of OMS materials are determined by 

the different synthesis conditions, in particular by the type of surfactant and its concentration as well 

as by the reaction environment, namely pH and temperature which influence the surfactant CMC.101 

For instance, SBA-15 mesoporous silica, that has a hexagonal array of unconnected tubular pores 

with a size distribution ranging from 7.5 to 32.0 nm,99 requires the use of amphiphilic triblock 

copolymers as template, such as Pluronic 123 (comprising poly-ethylene oxide and poly-propylene 

https://en.wikipedia.org/wiki/Ethylene_oxide
https://en.wikipedia.org/wiki/Propylene_oxide
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oxide in an alternating linear fashion, PEO-PPO-PEO),107 with long hydrophobic tails. P123 

establishes hydrogen bonds with the OH groups of the silica precursor through the oxygen atoms of 

its oxyethylene groups.106 

Moreover, the final array and the porosity of mesoporous silica can be further influenced by the use 

of certain additives, such as linear alkanes or aromatic compounds108 known as swelling agents 

(1,3,5-trimethylbenzene or mesitylene is the most commonly used) which, once tend to distribute in 

the core of hydrophobic chains of surfactants, causing a change in the packing structure and 

enlarging the pores.109 

OMS, given their high surface area, are already excellent adsorbents, but there is the possibility of 

making the adsorption more selective by chemically modifying the OMS surface with appropriate 

(functionalizing) molecules able to selectively bind the polluting species. 

The functionalization of OMS can be carried out according to two different procedures:110,111 

 co-condensation: simultaneous condensation of the silica precursor with the functionalizing 

agent, which has the advantage of allowing a homogeneous functionalization. The limit of 

this method lies in the fact that the functional group on the functionalizing agent must be 

sufficiently lipophilic to penetrate the wall of the micelles, but at the same time not too bulky 

to cause the instability of the micelles.112 

 post-synthesis functionalization : the synthesized mesoporous material is treated with a 

functionalizing agent consisting of an organotrialkoxysilane containing the functional group 

of interest (Figure 8). The advantage of post-synthesis functionalization is to keep the initial 

mesoporous structure of the silica unaltered, but the disadvantage could be due to an 

inhomogeneous distribution of the functionalization, caused by the diffusion of the reagents 

through the pore channels and by steric factors.113 

https://en.wikipedia.org/wiki/Propylene_oxide
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Figure 8. Schematic representation of post-synthesis functionalization of silica.  

 

2.2 - Metal-Organic Frameworks (MOFs) 

Yaghi et al. coined the term Metal-Organic Frameworks (MOFs) in 1995, referring to the material 

they synthesized constituted by a copper 4,4′-bipyridyl complex.114 MOFs are a new class of hybrid 

organic–inorganic crystalline porous solid (Figure 9) having a one-, two- or three-dimensional 

structure14,114–116 consisting of metal ions (or clusters) coordinated by organic mono-, di-, tri-, or 

tetravalent ligands (linkers) / bearing several complexing groups (carboxylates, phosphonates, 

imidazolates, etc.).117  

 

Figure 9. Structure of MOFs. 

Their structure and properties are dictated by the choice of the metal and the linker; for example, the 

size and shape of the pores depend on the metal's coordination preference, as it determines how 

many ligands can bind to the metal and in which orientation. The recent development of new 

https://en.wikipedia.org/wiki/Valence_(chemistry)
https://en.wikipedia.org/wiki/Valence_(chemistry)


28 
 

synthesis and protocols allowed to create MOFs with a wide range of metal-linker matchs with 

tailored network structure, geometrical order, and properties.  

It should be considered that the potential porosity can be compromised due to the dynamicity and 

changes in structure.118 For this reason, linkers containing aromatic rings are generally used, which 

bestow greater rigidity to the system. 

Their captivating features, such as large surface area,  synthetic versatility, tunable functionality, 

structural order make them the ideal candidate for a multitude of applications, for instance gas 

separation, catalysis, biotechnology, sensing, enzyme immobilization119 and environmental purposes.   

In this thesis work, a Fe-BTC MOF has been synthesized and tested as an adsorbent for the removal 

of organic dyes from water. The Fe-BTC, commercially known as Basolite F300, consists of iron 

building units with oxidation state +3 connected by trimesate linkers (1,3,5-benzenetricarboxylate 

also called BTC).120  

Fe3+ has a coordination number of 6 and surrounds itself with six linker units according to an 

octahedral geometry. In contrast to renowned copper-based commercial MOF Cu-BTC (known as 

HKUST-1) (Copper 1,3,5 benzenetricarboxylate) the structure of  FeBTC is characterized by poor 

cristallinity, indeed since it is not even an amorphous material, literature defines it as disordered.120 

Among all the various synthetic procedures present in the literature, the one proposed by Sanchez-

Sanchez in 2015 was exploited during this thesis work,121 because it is a facile and rapid method 

practicable under environmentally and economically sustainable conditions (few minutes at room 

temperature using water as solvent). 
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3 - Kinetics and thermodynamics of Adsorption 

Adsorption is defined as the accumulation of the particles of a fluid (adsorbate) at the interface 

between the fluid medium and the surface of a solid (adsorbent). The reduction of the translational 

freedom of the adsorbed particles implies a decrease of entropy (ΔSAds < 0).122 Thus, accordingly to 

equation :  

                                                   ∆𝐺𝐴𝑑𝑠
0 = ∆𝐻𝐴𝑑𝑠 − 𝑇∆𝑆𝐴𝑑𝑠                                               (1) 

 a spontaneous adsorption process (ΔG0
Ads < 0) must be exothermic (ΔHAds < 0).123 Depending on the 

strength of the adsorbent-adsorbate interaction, two types of adsorption can be distinguished.124 

Weak interactions, that is London, Debye and Keesom (van der Waals) forces are responsible of 

physical adsorption, or physisorption. This is a reversible process characterized by low enthalpy 

(ΔHads) values of the order of the latent heat of condensation that is about 20 kJ/mol (Figure 10). 

Physical adsorption could take place with the formation of a multilayer adsorbate on the adsorbent 

surface (Figure 10B).  

Chemical adsorption or chemisorption occurs instead when much stronger interactions, like true 

covalent bonds, are formed between the adsorbent and the adsorbate. Chemisorption is characterized 

by the formation of a monolayer of adsorbate on adsorbent surface (Figure 10A) and, since involves 

electron transfering/sharing, has a high adsorption enthalpy (ΔHads) which is comparable with the 

covalent bond energies, in the range 40-400 kJ/mol) and is irreversible.124,125  

 
Figure 10. A) Potential energy curves for chemisorption and physisorption; B) Visual representation of chemisorption 

and physisorption phenomena. 
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The coverage degree or coverage fraction (Ɵ) is defined as the ratio between the number of 

adsorbing sites occupied by the adsorbate particles and the number of total sites of the adsorbent (0 ≤ 

Ɵ ≤ 1) :  

                                                     𝜃 =
𝑛° 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑠𝑖𝑡𝑒𝑠

𝑛° 𝑠𝑖𝑡𝑒𝑠
                                                       (2) 

The adsorption is a dynamic process, as it consists of  the simultaneous adsorption and desorption of 

the adsorbate A in solution, respectively characterized by the adsorption rate constant (ka) and the 

desorption rate constant (kd) :
126 

AFree ↔ AAdsorbed 

It follows that, the overall rate of the adsorption process, which corresponds to the variation of the 

coverage fraction as a function of time (r = dƟ/dt), is the difference between adsorption rate (ra) and 

desorption rate (rd):  

                                                        𝑟 =
𝑑𝜃

𝑑𝑡
= 𝑟𝑎 − 𝑟𝑑                                                       (3) 

In an experimental context at a liquid/solid interface, the coverage fraction (Ɵ) is generally replaced 

with the adsorption capacity (q), defined as the adsorbed amount of adsorbate per unit mass of the 

adsorbent, according to the following equation :  

                                                             𝑞 =
(𝐶0−𝐶)𝑉

𝑚𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
                                                       (4) 

where C0 and C are respectively the initial and the final concentration of the adsorbent, V is the 

volume of the adsorbing solution, and mAdsorbent is the mass of the adsorbent. It can be expressed 

either in mgAdsorbate/gAdsorbent or mmolAdsorbate/gAdsorbent. 

The experimental determination of the adsorption capacity q is fundamental to describe the 

adsorption systems. Specifically, its trend as a function of concentration of the adsorbate at the 

equilibrium or as a function of time, allows to characterize the adsorption systems both from the 

thermodynamic and kinetic point of view. 
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Since adsorption can occur through different mechanism, it is necessary to compare the obtained 

experimental data with the trends foreseen by some thermodynamic or kinetic models through fitting 

procedures. By fitting the experimental data with the equations proposed by the various models, it is 

possible to establish - relying on the correlation coefficients and residuals - which model best 

describes the investigated system. Once the best fitting is established - and the type of mechanism 

involved have been identified - it is possible to obtain some characteristic quantities as fitting 

parameters characterizing the process (Scheme 2). 

Scheme 2. Summary of the information obtainable from adsorption isotherms and kinetics. 

 

3.1 - Adsorption Isotherms  

The adsorption isotherm describes the equilibrium thermodynamics of the adsorption process at 

constant temperatures. The equilibrium occurs when the difference between adsorption and 

desorption rate (ra-rd) is zero :  

                                                      𝑟 =
𝑑𝜃

𝑑𝑡
= 𝑟𝑎 − 𝑟𝑑 = 0                                                  (5) 

The isotherm depends on the characteristics of the adsorbent, the nature of the adsorbate and for 

solid/liquid interface also by operational conditions such as pH and ionic strength (in the case of 

adsorption from aqueous solutions). Experimentally, the adsorption is carried out by putting in 



32 
 

contact the solid adsorbent with the solution containing the adsorbate at a constant temperature. The 

contact time must be sufficient to establish the equilibrium between the concentration of the 

adsorbate at the solid surface and that in the bulk solution. The determination of the experimental 

adsorption isotherm requires that several adsorption experiments are carried out using increasing 

concentrations of adsorbate. The adsorption capacity qE is calculated as a function of the adsorbate 

concentration in solution at equilibrium, CE , according with the following equation : 

                                                         𝑞𝐸 =
(𝐶0−𝐶𝐸)𝑉

𝑚𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
                                                         (6) 

The comparison with theoretical isotherm models is carried out putting the experimental values of qE 

and CE in the equations of each isotherm model chosen. Since there are numerous types of 

interactions that can be established between adsorbate and adsorbent, there are just as many various 

models of isotherms, each characterized by its own parameters. The evaluation of the correlation 

coefficients allows to identify the model that best represents the experimental data. 

Correlating the experimental isotherm with a theoretical isotherm model allows to understand which 

interaction mechanisms are involved in the adsorption process.   

Among the several isotherms which have been reported in the literature,127 the three most common 

models (Langmuir, Freundlich and Temkin) are described below. It is even possible to calculate the 

constant of the fitting model (K), which is then used to obtain the thermodynamic equilibrium 

constant (Ke
0) :(Lima 2019) 

                                           𝐾𝑒
0 =

𝐾∙𝑀𝑀𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒∙[𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒]0

𝛾
                                               (7) 

where MMAdsorbate is the molecular mass of the adsorbate, [Adsorbate]0 is the standard concentration 

of the adsorbate (1 mol/L), and γ is the activity coefficient (dimensionless) that can be considered to 

have a value of 1 in dilute solution. The Ke
0 is useful to calculate the standard Gibbs free energy  for 

the adsorption process (ΔG0
Ads), according to the relationship : (Lima 2019) 

∆𝐺𝐴𝑑𝑠
0 = −𝑅𝑇𝑙𝑛𝐾𝑒

0 



33 
 

3.1.1 - Langmuir model 

Langmuir adsorption isotherm model was originally developed for the description of gas adsorption 

on solid.  

According to this model, the adsorption on the surface of the adsorbent does not proceed beyond the 

formation of a monolayer, and occurs in correspondence with defined sites, all equivalent and 

characterized by the same degree of affinity towards the adsorbate. It is therefore a homogeneous 

process, devoid of steric hindrances, lateral interactions, and transmigrations on the superficial plane. 

Langmuir adsorption is therefore a specific type of adsorption which consists in the formation of a 

single layer of adsorbate on the surface of the adsorbent (monolayer adsorption). 

The Langmuir model assumes that the adsorption rate ra is proportional to the concentration (C) of 

the adsorbate A and to the number of vacant sites (1-Ɵ) :   

                                                           𝑟𝑎 = 𝑘𝑎 ∙ 𝐶(1 − 𝜃)                                                  (8) 

while the desorption rate rd is proportional to the coverage degree of the solid :  

                                                              𝑟𝑑 = 𝑘𝑑 ∙ 𝜃                                                           (9) 

At the equilibrium, when the adsorption and desorption rates are equivalent (ra= rd), we obtain :  

                                                  𝑘𝑎 ∙ 𝐶(1 − 𝜃) − 𝑘𝑑 ∙ 𝜃 = 0                                             (10) 

hence :  

                                                       𝑘𝑎 ∙ 𝐶(1 − 𝜃) = 𝑘𝑑 ∙ 𝜃                                               (11) 

In this case, Ɵ is given by : 

                                                               𝜃 =
𝐾𝐶

1+𝐾𝐶
                                                             (12) 

where K=ka/kd is the equilibrium adsorption constant. 

Defining the coverage fraction Ɵ as the ratio between the adsorption capacity at the equilibrium (qE) 

and the maximum adsorption capacity (qmax), the Langmuir Isotherm equation is obtained : 

                                                            𝑞𝐸 =
𝑞𝑚𝑎𝑥 ∙𝐾𝐿∙𝐶𝐸

1+(𝐾𝐿∙𝐶𝐸)
                                                      (13) 
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where KL is the Langmuir constant (L/mg) and qmax is the maximum monolayer coverage capacity 

(mg/g). The Langmuir constant is an index of the affinity between adsorbate and adsorbent, therefore 

the greater the KL, the more the adsorption will be favored. Obviously the KL value depends on the 

nature of the adsorbent and the adsorbate, as well as on the temperature since adsorption is an 

exothermic process and therefore disadvantaged by the temperature increase.128 This model is very 

useful for comparing adsorbent materials. 

 

Figure 11. Langmuir isotherm profile. 

As shown in Figure 11, according to the Langmuir equation (Eq.13) the adsorption increases with 

the increase in the equilibrium concentration of the adsorbate, until a plateau is reached, 

corresponding to the maximum adsorption capacity of the adsorbent (qmax) and the completion of the 

monolayer (Ɵ→1). This is the first piece of information that can be gleaned from the experimental 

data, but to go further it is necessary to compare the experimental data with theoretical models.  

The linearized form is most frequently used for fitting experimental data:88,129  

                                                    
𝐶𝐸

𝑞𝐸
=

1

𝐾𝐿∙𝑞𝑚𝑎𝑥
+

𝐶𝐸

𝑞𝑚𝑎𝑥
                                                       (14) 

3.1.2 - Freundlich model 

The Freundlich model is suitable for adsorbents characterized by a heterogeneous surface and 

patchwise topography, without non-uniform distribution of the active sites and active sites 

energies.124 



35 
 

The Freundlich model assumes that the adsorption rate ra is proportional to the concentration (C) of 

the adsorbate A :   

                                                               𝑟𝑎 = 𝑘𝑎 ∙ 𝐶                                                          (15) 

while the desorption rate ra exponentially depends on the coverage fraction  Ɵ : 

                                                              𝑟𝑑 = 𝑘𝑑 ∙ 𝜃𝑛                                                          (16) 

At the equilibrium, when the adsorption rate is zero, we obtain :  

                                                          𝑘𝑎 ∙ 𝐶𝐸 = 𝑘𝑑 ∙ 𝜃𝑛                                                      (17) 

                                                        𝜃 = (
𝑘𝑎

𝑘𝑑
)

1/𝑛

∙ 𝐶𝐸
1/𝑛

                                                     (18) 

Defining the constant KF as :  

                                                           𝐾𝐹 = (
𝑘𝑎

𝑘𝑑
)

1/𝑛

                                                          (19) 

and passing from the coverage fraction Ɵ to the adsorption capacity qE, the Freundlich isotherm 

equation is obtained :130131 

                                                          𝑞𝐸 = 𝐾𝐹 ∙ 𝐶𝐸
1/𝑛

                                                         (20) 

where 1/n (dimensionless) and KF (L/mg) are the heterogeneity factor and the support capacity, 

respectively. These parameters are characteristic of each adsorbate-adsorbent pair and are also called 

Freundlich constants, both dependent on temperature.  

The heterogeneity factor 1/n indicates the intensity of the adsorption and its value determines the 

shape of the qE vs CE  plots, which can be linear for n=1 or nonlinear for n≠1.132 In particular, when 

1/n > zero the adsorption process is favorable, becoming irreversible when n = 1 and unfavorable 

when n > 1.127 
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Figure 12. Comparison between Freundlich and Langmuir isotherms trend. 

On the basis of Freundlich equation, the adsorption increases greatly with the increase of adsorbate 

concentration, then approaching a constant value at high concentration but without establishing a 

limit of the adsorption capacity. Thus, the slope of the curve is high at low-solute concentrations, and 

decreases with increasing solute concentration. This is an important limitation of the Freundlich 

equation, wherewith theoretically adsorption process carries on indefinitely (Figure 12). 

The linearized form of the Freundlich equation is given by : 

                                                     𝑙𝑛𝑞𝐸 = 𝑙𝑛𝐾𝐹 +
1

𝑛
∙ 𝑙𝑛𝐶𝐸                                                (21) 

3.1.3 - Temkin model 

Temkin isotherm model takes into consideration the interaction between the adsorbent and the 

adsorbate only  for  an  intermediate concentration range and where the binding energies are 

uniformly distributed.124,127  

Temkin isotherm is based on the assumption that the adsorption enthalpy ΔH is not constant, but 

decreases linearly during the adsorption phenomenon due to the increase of surface coverage. 

Temkin isotherm is well suited to gas phase systems, but is not as appropriate for describing complex 

aqueous phase adsorption systems. 

The coverage fraction Ɵ based on the assumptions of this model is given by :  

                                                           𝜃 = 𝑘1∙𝑙𝑛𝑘2 ∙ 𝐶𝐸                                                      (22) 

Expressing through the adsorption capacity qE, and defining the constants k1 and k2 as follows : 
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                                                                 𝑘1 =
𝑅𝑇

𝑏𝑇
                                                             (23) 

                                                                 𝑘2 = 𝐴𝑇                                                            (24) 

the Temkin isotherm equation is thus obtained :  

                                                           𝑞𝐸 =
𝑅𝑇

𝑏𝑇
𝑙𝑛𝐴𝑇 ∙ 𝐶𝐸                                                    (25) 

where bT is the Temkin constant, and AT is the Temkin equilibrium binding constant. The linear form 

is given by : 

                                                   𝑞𝐸 =
𝑅𝑇

𝑏𝑇
𝑙𝑛𝐴𝑇 +

𝑅𝑇

𝑏𝑇
𝑙𝑛𝐶𝐸                                                  (26) 

3.2 - Adsorption Kinetics  

Adsorption kinetics describes the trend of the adsorption capacity qt as a function of the contact time 

t between adsorbate and adsorbent.  

                                                           𝑞𝑡 =
(𝐶0−𝐶𝑡)𝑉

𝑚𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
                                                        (27) 

Identifying the kinetic model that best describes the system under examination allows to understand 

which are the factors that affect the adsorption rate and the adsorption mechanism. The experimental 

data of qt vs. t are fitted within the equations of different kinetic models. The evaluation of the 

correlation coefficients allows to identify the model that best fits the experimental data. It is then 

possible to obtain the kinetic constant of the model (k) and - for some models - also the maximum 

adsorption capacity (qmax) to be then compared with the value obtained by the experimental isotherm.  

Since, as already mentioned, adsorption has received a lot of interest in the purification of waters and 

industrial effluents, the modeling of the kinetics is important for the prediction of uptake rates and 

for gaining more insight into the adsorption mechanisms.133 

Assuming that the adsorption rate ra is proportional to the concentration (C) of the adsorbate A and 

to the number of vacant sites (1-Ɵ) :   

                                                         𝑟𝑎 = 𝑘𝑎 ∙ 𝐶(1 − 𝜃)                                                    (28) 

while the desorption rate rd is proportional to the coverage degree of the solid :  
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                                                              𝑟𝑑 = 𝑘𝑑 ∙ 𝜃                                                           (29) 

the overall rate equation (r = dƟ/dt) is given by :  

                                                          𝑟 =
𝑑𝜃

𝑑𝑡
= 𝑟𝑎 − 𝑟𝑑                                                      (30) 

                                             𝑟 =
𝑑𝜃

𝑑𝑡
= 𝑘𝑎 ∙ 𝐶(1 − 𝜃) − 𝑘𝑑 ∙ 𝜃                                          (31) 

Expressing the decrease of the adsorbate concentration in the solution due to the adsorption as :  

                                                             𝐶 = 𝐶0 − 𝛽𝜃                                                         (32) 

where C0 is the initial concentration of the adsorbate, C is the its concentration at any time, and β is a 

constant value defined as :  

                                                              𝛽 =
𝐶0−𝐶𝑒

𝜃𝑒
                                                             (33) 

where Ce is the equilibrium concentration of A and Ɵe is the equilibrium coverage fraction, finally a 

general equation is obtained, which allows the derivation of various kinetic models using different 

conditions :126  

                                           
𝑑𝜃

𝑑𝑡
= 𝑘𝑎 ∙ (𝐶0 − 𝛽𝜃)(1 − 𝜃) − 𝑘𝑑 ∙ 𝜃                                     (34) 

3.2.1 - Pseudo-First Order model 

Pseudo-First Order (PFO) kinetic was developed by Lagergren in 1898, indeed it is also known as 

the Lagergren kinetic model. PFO, that can successfully be applied for the high concentration of 

adsorbate, represents an adorption process that depends only on the nature of the adsorbates and is 

more inclined towards physisorption.  

The condition is that the initial concentration of adsorbate is very high compared to βθ, (C0 >> βθ); 

then the βθ term in the general Eq.32 can be ignored and through a series of steps, the final form of 

the PFO kinetic is obtained :126132 

                                                           
𝑑𝑞𝑡

𝑑𝑡
= 𝑘𝐼(𝑞𝐸 − 𝑞𝑡)                                                   (35) 

where kI (s− 1) is the rate constant of this adsorption reaction. 
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Integrating the equation with boundary conditions qt = 0 at t = 0 and qt = qt at t = t, the linear relation 

can be obtained as: 

                                                   ln(𝑞𝐸 − 𝑞𝑡) = 𝑙𝑛𝑞𝐸 − 𝑘𝐼 ∙ 𝑡                                           (36) 

from which kI can be calculated as the slope of ln(qE − qt) versus time t.   

The pseudo-first order kinetic occurs when a reaction is 2nd order overall but is first order with 

respect to two reactants, generally because one of the reagent is in large excess, so it can be assumed 

that its concentration does not change significantly during the course of the reaction.134 

3.2.2 - Pseudo-Second Order model 

The Pseudo–Second Order (PSO) kinetics assumes that the rate-limiting step is the chemisorption. It 

follows that the adsorption rate is independent of the adsorbate concentration but depends solely on 

the adsorption capacity.  

If C0 is not too high for the βθ term to be ignored in Eq.32, through a series of steps, the differential 

form of the PSO kinetic is obtained :126 

                                                         
𝑑𝑞𝑡

𝑑𝑡
= 𝑘𝐼𝐼(𝑞𝐸 − 𝑞𝑡)2                                                  (37) 

where kII is the equilibrium rate constant of the PSO model (g/mg·min).  

Then integrating the Eq.37, the following linear relation can be obtained : 

                                                            
𝑡

𝑞𝑡
=

1

𝑘𝐼𝐼∙𝑞𝐸
2 +

𝑡

𝑞𝐸
                                                       (38) 

the reactions in which one parameter is thought to be constant among the three parameter dependent 

reactions 

3.2.3 - Intraparticle Diffusion model 

The Intraparticle Diffusion (IPD) model was first employed by Boyd et al. in 1947 to model ion 

exchange kinetics in zeolites. It is the most popular model used in the literature about liquid/solid 

adsorption kinetics to describe diffusion-controlled adsorption processes. Nevertheless, the IPD 
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model was initially introduced for pure diffusion, without taking the adsorption process into account 

(except in the limit of very low adsorbate concentration).135 This model can be used to find whether 

external transport or intraparticle transport governs the rate of adsorption processes.136 This model 

assumes that internal diffusion of the adsorbate is the slowest step, resulting in the rate-controlling 

step during the adsorption process, whereas the adsorption is almost instantaneous.137 

The IPD equation is :  

                                                           𝑞𝑡 = 𝑘𝑖 ∙ 𝑡1/2 + 𝑥𝑖                                                  (39) 

where ki is the IPD rate constant (mg/g·min1/2) and xi is a constant correlated with diffusion 

resistance (calculated as the intercept of first order equation) and proportional to the thickness of 

boundary layer (mg/g).136,138,139 

The plot of qt vs t1/2 generally presents different straight lines with different slope.139,140 This means 

that the adsorption process involves different steps.  

 
Figure 13. A) Representation of diffusion-controlled adsorption of adsorbate particles onto a porous adsorbent; B) 

Intraparticle Diffusion (IPD) kinetics graph. 

According to the Figure 13B, the first straight line represents the external mass transport of 

adsorbate from bulk solution through the boundary layer (Figure 13A) toward the adsorbent outer 

surface (film diffusion).141 The larger the intercept xi the greater the boundary layer effect against the 

mass transfer. The second line represents the diffusion into the pores (IPD), that generally depends 

on concentration, temperature, pore width, surface morphology, etc.140 Finally the third line 

represents the adsorption at the active sites i.e. the final equilibrium step characterized by stable 
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value of q.141,142 The slope of the three straight lines (ki) represent the kinetic constant of the relative 

step (film diffusion, intraparticle diffusione, adsorption).143  
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4 - Characterization techniques  

During this work, various instrumental techniques were used to characterize the synthesized 

materials and test their properties as adsorbents.  

Scheme 3. Summary of the characterization techniques employed during the various experimental phases, and the 
information provided by each of them. 

 



43 
 

Scheme 3 shows a summary of all the techniques used during each phases of this work, and the 

informations obtained through each of them. 

4.1 - X-Rays techniques 

X-rays are the portion of the electromagnetic spectrum with a wavelength between 10 nm and 1 pm. 

Due to their high energy X-rays are characterized by a huge penetrating power, which is widely used 

for analytical purposes. When the X-rays penetrate inside a material, they induce the electrons to 

oscillate with the same frequency and amplitude of the incident radiation, and consequently emit a 

secondary radiation of the same energy (frequency and amplitude) but different trajectory (diffusion 

or elastic scattering).  

 
Figure 14. Representation of the X-rays scattering by the atomic planes of a material.  

The X-rays diffracted by the various atomic planes recombine in output constructively or 

destructively according to Bragg's law: 

                                                           𝑛𝜆 = 2𝒅 ∙ sin 𝜃                                                       (40) 

where λ is the wavelength, d is the distance between the scattering planes, θ is the angle between the 

planes of the sample and the incident beam (Figure 14). 

If the difference in path 2d∙sinθ between the two rays is an integer multiple of the wavelength (nλ), 

then the two rays will constructively interact at the output, while if the path difference 2d∙sinθ 

between the two rays is a fractional multiple of the wavelength (nλ/2), then the two rays will 

interfere destructively output. These interference phenomena can be revealed by a detector giving 

rise to a diffraction pattern. Knowing the wavelength of the incident radiation λ and the angle of the 

diffracted ray 2θ, it is possible to obtain the distance between the planes d. 
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The X-ray diffraction from the various families of identifiable planes (described by a triple of 

numbers - h k l - called Miller indices) (Figure 15) within a crystalline structure will give rise to a 

diffraction pattern characteristic of the structure, where each peak corresponds to a family of planes. 

 
Figure 15. Atomic planes and their relative Miller indices. 

The X-rays source, called X-ray tube (Figure 16), consists of a glass tube under vacuum containing a 

filament (cathode) which, heated by current, expels electrons by thermionic effect. These negatively 

charged particles are accelerated by a high voltage towards an anode (high atomic weight metal) 

ripping off its electrons from the innermost levels, thus forcing electrons of the external levels to fill 

the gaps formed with the emission of energy (X-rays).  

 
Figure 16. Representation of a X-rays tube. 

The fundamental parameters that differentiate the various X-ray analysis techniques are the nature of 

the anode of the X-ray tube (and therefore the incident wavelength) and the angle at which the X-

rays reach the sample.  
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4.1.1 - Small Angle X-Rays Scattering (SAXS) 

As is evident from Bragg's Law, the greater the characteristic length (d), the smaller the scattering 

angle will be. Small Angle X-Rays Scattering (SAXS) is a important technique for analyzing 

structure and fluctuations on the nano-scale, where characteristic lengths are between 1 and 100 nm. 

The scattered rays at the output are collected by a detector within a range of low angles (0.1°-10 °) 

which provides information about the characteristic distances of the crystalline planes, structure, etc., 

while the transmitted rays are eliminated by means of a beamstop (Figure 16) that totally absorbs 

them. 

 
Figure 16. Simple scheme of SAXS experiment. 

The scattering curve is obtained by recording the intensity I of the scattered beam as a function of the 

scattering vector q (nm-1) defined as: 

                                                                  𝒒 =  
2𝜋

𝑑
                                                             (41) 

A linear detector, with 1024 vertical channels, initially provides a curve of the intensity of the 

diffracted beam as a function of the affected channel. This is then converted in q (nm-1) units by 

suitable software. 

The different regions of the scattering curve (Figure 17) are associated with domains of specific 

dimensions. The scattering region at very small angles (Guinier region) provides information 

regarding the size of the system under consideration, while the larger q region provides information 

on the shape and structure . In particular, the last part of the curve (Porod region) is associated with 

the structure of the interphase (between particle and solvent). 
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Figure 17. Regions of the scattering curve. 

The information obtained depends on the degree of supramolecular order of the sample; for example, 

in the case of diluted macromolecule solutions, the shape and radius of gyration can be determined, 

while in the case of highly ordered systems (such as liquid crystals) a structural model for the 

molecular organization can be determined.  

In the case of ordered mesoporous materials, SAXS analysis permits to characterize the long-range 

order and the lattice parameter of the structure. In the case of SBA-15 mesoporous silica, for 

example, the cell is hexagonal, and the lattice parameter corresponds to: 

                                                        𝑎 = 𝑑√(ℎ2 ∙ 𝑘2 ∙ 𝑙2)                                                  (42) 

During this thesis work the SAXS technique was exploited for the structural characterization of the 

synthesized silica-based samples. In particular, the SAXS equipment used is an S3-MICRO SWAXS 

camera system equipment (HECUS X-ray Systems, Graz, Austria) (Figure 18). 
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Figure 18. Picture of the HECUS X-ray System. 

4.1.2 - Powder X-Rays Diffraction (XRD) 

X-ray diffraction (XRD) occurs when X-ray wavelength λ and the d-spacing have a comparable size. 

Differently by SAXS, the explored angular region ranges from 5° to 50°.  

 
Figure 19. Simple scheme of XRD experiment 

The diffractogram shows the intensity of the radiation diffracted by the sample as a function of the 

angle 2Ɵ between the X-rays source and the detector (Figure 19), which is made to vary during the 

measurement. The geometrical 3D topology of atoms produces peaks of characteristic position and 

intensity. Indeed, the position of the peaks depends on the d-spacing, which can be obtained from 

indexing, while the  line broadening at half the maximum intensity of the peaks (wFWHM) depends in 

an inversely proportional way on the size of the particles (D), in accordance with the Debye-Scherrer 

law: 

                                                        𝑤𝐹𝑊𝐻𝑀 =
𝐾∙𝜆

𝐷∙𝑐𝑜𝑠Ɵ
                                                         (43) 

https://en.wikipedia.org/wiki/Intensity_(physics)
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where  K is a dimensionless shape factor  (~1)  which varies with with the actual shape of the 

crystallite, λ is the X-ray wavelength (nm) and Ɵ is the Bragg angle.  

The intensity of the peaks depends on the atomic weight of the atoms of the unit cell and on their 

position inside the cell.  

During this thesis work the XRD technique was exploited for the characterization of the synthesized 

Fe-BTC MOF. In particular, the XRD equipment used is an X'Pert Pro PANanalytical (Figure 20). 

 
Figure 20. Picture of the X'Pert Pro PANanalytical. 

4.3 - Nitrogen physisorption  

N2 physisorption is one of the most widely used procedures for determining the textural parameters 

of porous materials. During the measurement, the sample is placed in a burette, inside which N2 is 

pumped with increasing pressure (P) from vacuum to saturation pressure (P0). Once the saturation 

pressure is reached, the pressure is decreased and the N2 gets desorbed. By plotting the amount of 

adsorbed and desorbed N2 at constant temperature (usually -196°C) as a function of the equilibrium 

gas pressure (or relative pressure, P/P0) the adsorption/desorption isotherms are obtained.  

According with IUPAC six types of experimental isotherms have been classified (Figure 21).144,145 
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Figure 21. IUPAC classification of the adsorption isotherms. 

The main method to determine the specific surface of a porous material is the one developed by 

Brunauer Emmett and Teller, therefore called the B.E.T. method. 

This method is based on the evaluation of the volume V of gas (N2) adsorbed by the solid at various 

pressures (P), from which the theoretical volume of an adsorbed monomolecular layer (Vm) is 

calculated using the following equation: 

                                                  
𝑃0

𝑉 (𝑃0−𝑃)
=  

1

𝐶 𝑉𝑚  
+  

𝑃 (𝐶−1)

𝑉𝑚𝐶 𝑃0
                                                (44) 

where C is the B.E.T constant. Once Vm has been obtained, the surface area SBET (m2/g) can be 

calculated by:  

                                                          𝑆𝐵𝐸𝑇 =
𝑉𝑚∙𝑁∙𝑠

𝑎
                                                           (45) 

where N is the Avogadro's number, s is the molecular cross sectional area of the adsorbing species 

(N2) and a is the mass of the sample. 

Another textural parameter that can be obtained by N2 physisorption isotherms is the pore size 

distribution of a porous material. One of most used method is the Barrett-Joyner-Halenda (BJH) 

method, based on the Kelvin equation:  

                                                          𝑙𝑛
𝑃

𝑃0
=

−2𝜎𝑉

𝑅𝑇
∙

1

𝑟
                                                         (46) 

where r is the Kelvin radius, σ is the surface tension, V is the molar volume of the adsorbate (N2), R 

is the ideal gas constant and T is the absolute temperature.  
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From the appropriate processing of the data obtained from N2-physisorption isotherms it is also 

possible, with the application of B.J.H. or other methods, to determine the pore size distribution of 

the material.  

During this thesis work, N2-physisorption isotherms were used verify the mesoporous nature of the 

synthesized adsorbents, SBA-15 and Fe-BTC (associated with type IV isotherms) and to determine 

their respective surface area and pore size distribution. Furthermore, in the case of functionalized 

silica adsorbents, this technique allowed an evaluation of the decrease in pores size and surface area 

following the functionalization processes. An ASAP 2020 apparatus was used during this thesis work 

(Figure 22).  

 
Figure 22. Picture of the ASAP 2020. 

4.4 - Electron Microscopy  

Microscopes are tools that allow the direct or indirect observation of small objects. The resolving 

power of a microscope is inversely proportional to the lateral resolution (d), defined as the minimum 

distance between two distinguishable points: 

                                                             𝑑 = 0,6098 
𝝀

𝐴𝑁
                                                     (47) 

Since the lateral resolution (d) is proportional to the wavelength of the radiation that reaches the 

sample, it is clear that very small objects can be observable only with radiations of very small λ. 
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Electron microscopes using a beam of electrons rather than photons as a radiation source, possess a 

resolving power that greatly exceeds that of optical microscopes, since the wavelength of electrons is 

significantly smaller than that of light.  

The electron source (electron gun) consists of a filament of tungsten (W) or lanthanum hexaboride 

(LaB6) with a crystallite at the tip. The filament is connected to a system of resistances which, due to 

the thermionic effect, makes it to emit electrons (cathode ray) which are accelerated towards an 

anode (+) through a potential difference. The cathode ray has a wavelength which depends on the 

acceleration potential of the electrons (V):  

                                                                 𝜆 =
1.23

√𝑉
                                                             (48) 

The use of electrons makes it necessary both to work under vacuum to avoid interaction with air, and 

to replace normal lenses with electromagnetic lenses to avoid interaction with materials outside the 

sample. Hence, the main components of the electron microscope are contained within a hollow 

column about one meter high, inside which the vacuum is maintained (10-4 mbar). 

4.4.1 - Transmission Electron Microscopy (TEM) 

In the transmission electron microscope a beam of electrons arrives on the sample with an angle θ, 

which partly pass through the sample (transmission) and partly diffracted by it at an angle θ. The 

transmitted electrons are focused to form an enlarged image of the cross section of the sample, which 

can be projected on a photographic layer/fluorescent screen or revealed by a CCD-camera (Figure 

23). A bright-field image is obtained choosing the direct beam, while the scattered electrons from the 

sample produce a dark-field image. 
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Figure 23. Schematic representation of a Transmission Electron Microscope. 

During this thesis work, a Hitachi-H7000 TEM equipment (Figure 24) was used to obtain images 

relating to the structure of the synthesized silica-based samples (SBA-15).   

 
Figure 24. Picture of Hitachi-H7000 TEM. 



53 
 

4.4.2 - Scanning Electron Microscopy (SEM) 

Differently from TEM, in scanning electron microscopes the electron beam passes through scanning 

coils, that deflect the beam on the sample like a brush in the x and y axes so that it scans in a raster 

fashion over the surface of the sample. A detector detects the backscattered electrons from the 

sample (characterized with the same λ as the primary beam) and a lateral detector detects the 

secondary electrons emitted by the sample (with a lower λ than that of the primary beam)(Figure 

25), thus generating a tridimensional image of the surface structure. SEM is very useful for 

characterizing the morphology and shape of particles. 

 

Figure 25. Schematic representation of a Scanning Electron Microscope. 

 

During this thesis work, Hitachi SU-70 SEM equipment (Figure 26) was used for the morphological 

characterization of the synthesized Fe-BTC MOF. 
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Figure 26. Picture of Hitachi SU-70. 

 

4.6 - Thermogravimetric Analysis (TGA) 

Thermogravimetry is an analytical technique that measures the variation in the mass of a sample as a 

function of temperature. A melting pot (generally made of alumina) containing the sample is placed 

inside the furnace, made up of a material that is heated by Joule effect, is saturated with inert gas 

(N2) and eventually also with an oxidizing gas (O2, which guarantees the decomposition of the 

sample). The plate on which the melting pot is placed is connected by means of a rod to a 

piezoelectric which constitutes the balance of the system (Figure 27).  

 

Figure 27. Schematic representation of a TGA apparatus. 
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As the temperature increases, the substances contained in the sample melt at their characteristic 

melting temperatures. In the thermogravigram the decrease in the mass of the sample (M%) due to 

the melting is recorded as a function of the temperature. From these graphs it is possible to evaluate 

the thermal stability of a sample and to obtain a quantitative analysis of mass losses as a function of 

temperature. This is very useful, for example, for quantitatively assessing the degree of 

functionalization of a material.  

A STA6000 Perkin Elmer TGA (Figure 28) was used for the thermogravimetric analysis of both 

bare/functionalized SBA-15 and Fe-BTC. 

 
Figure 28. Picture of STA6000 Perkin Elmer. 

 

4.7 - Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared (IR) spectroscopy is an analitical technique for the identification of organic and inorganic 

samples, by studying their interaction with infrared radiation. When a molecule interacts with an IR 

radiation, it can absorb its light energy and use it to pass from its fundamental vibrational state to an 

excited vibrational state. Vibrations include interatomic distance variations (stretching) and 

deformations of the bond angle (bending). 

The necessary condition for an IR radiation to originate a vibrational transition consists in the 

occurrence of a change in the molecular electric dipole following the change in position of the atoms. 

Therefore homoatomic molecules (such as N2 or O2) are not active in the infrared, while non-polar 
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molecules such as CO2 can resonate with the radiation only thanks to the asymmetrical vibrations 

that produce an instant dipole. 

In an IR absorption experiment, infrared radiation is sent to the sample and then it is measured at the 

output which wavelengths of this radiation have been absorbed. In this way, an IR spectrum is 

obtained, which reports the Transmittance % values (ratio between the intensity of the radiation 

exiting the sample and the incident one) as a function of the frequency (expressed in cm-1 wave 

numbers). 

                                                                   𝑇 =  
𝐼

𝐼0
                                                             (49) 

Each peak present in the spectrum indicates a specific vibrational transition of the type of bond 

involved, which makes it possible to identify the presence of certain functional groups, whose peaks 

always fall in the spectral region between 4000 and 1250 cm-1, called in fact " functional group 

region ". 

The conventional method for acquiring IR spectra involves the use of a monochromatic source 

whose wavelength is gradually varied to cover the entire spectral range, but this approach requires 

quite a long time. In fact, modern spectrometers exploit broadband sources, and the sample 

absorptions relating to the different wavelengths are distinguished using a Michelson interferometer. 

 
Figure 29. Schematic representation of a Michelson interferometer. 
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The beam exiting the sample is divided by a semi-reflective mirror, called divider or beamsplitter, 

into two beams, addressed respectively to two mirrors, one of which is fixed and one mobile, which 

reflect them again on the beamsplitter, which sends them to the detector (Figure 29). 

The movement of one of the two mirrors introduces a variable path difference between the two 

reflected beams, so that when they recombine to reach the detector, they will have a phase difference 

that will sometimes cause a destructive interference (when the path difference is a multiple fractional 

wavelength) and sometimes constructive interference (when the path difference is an integer multiple 

of the wavelength). The interferometer therefore creates an intensity spectrum in the space (or time) 

domain called interferogram, which is converted into a spectrum in the frequency domain by means 

of a mathematical algorithm that takes the name of Fourier Transform (or F-Transform). 

4.7.1 - Total Attenuated Reflectance (ATR) sampling system 

 
Figure 30. Picture of a ATR sampling system. 

For the IR analysis of certain samples, the ATR (Attenuated Total Reflectance) sampling system 

(Figure 30) can be used, which allows some advantages such as the possibility of analyzing such a 

sample, without any previous preparation, and therefore also not to modify or destroy the sample, 

which can be recovered at the end of the analysis. 
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Figure 31. Schematic representation of ATR sampling system. 

In this technique, the sample is placed in close contact with an optical element called an internal 

reflection element (or ATR crystal) consisting of a crystal with a high refractive index. The IR 

radiation emitted by the source passes through this element with an angle of incidence greater than 

the critical angle, generating a phenomenon of total reflection which is repeated numerous times 

(Figure 31). A portion of the reflected radiation, called an evanescent wave penetrates the sample, 

from which it can be absorbed, leading to an attenuation of the outgoing radiation, precisely called 

Total Attenuated Reflectiance (ATR). 

During this thesis work a FTIR analyses were carried out to verify the occurrence of the functional 

groups onto the surface of the synthesized silica after the grafting procedure. A Bruker Tensor 27 

spectrophotometer equipped with a diamond-ATR accessory and a DTGS detector was used. 

4.8 - UV-Vis Absorption Spectroscopy 

UV-Vis Spectroscopy is a technique is based on the study of the absorption of monochromatic 

radiations of the visible and ultraviolet spectral region by molecules. In a common UV-Vis 

absorption experiment, the radiation emitted by a source (incandescent or deuterium lamp) is splitted 

up by a monochromator which selects the wavelength to be sent to the sample; the monochromatic 

radiation invests the cuvette containing the sample solution and then reaches the detector with a 

lower intensity (I) than that emitted by the source (I0) (Figure 32), proportionally to the extent of 

absorption. 
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Figure 32. Simple scheme of a UV-Vis spectroscopy experiment. 

The extent of light absorption is quantified by the "absorbance" (A), defined as the logarithm of the 

ratio between the intensity of the incident radiation (I0) and that transmitted radiation (I) : 

                                                                𝐴 = log
𝐼0

𝐼
                                                           (50) 

Moreover, the absorbance can also be calculated using the Lamber-Beer law:  

                                                            𝐴 =  𝜀 ∙  𝑙 ∙ 𝐶                                                         (51) 

which corresponds to the equation of a straight line of the type y = mx, where C is the concentration 

of the sample solution, l the optical path (thickness in cm of the sample) and ε the molar absorption 

coefficient.  

However, the linearity of the absorption trend with respect to the concentration is guaranteed only 

within a certain range of concentrations above which it is affected by collateral chemical-physical 

phenomena (for example precipitation). It follows that in the context of the quantitative analysis, the 

samples must always be suitably diluted. 

By recording the absorbance values for each wavelength, it is possible to obtain the specific 

absorption spectrum of the substance, which can be useful in the qualitative investigation. 

 
Figure 33. Picture of Cary 60 spectrophotometer. 
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During this thesis work, a Cary 60 UV-Vis spectrophotometer (Agilent) (Figure 33) was used to 

evaluate the decrease in the concentration of dyes and heavy metal ions (colorimetric assay with 

oxalyldihydrazide) present in the waters subjected to adsorption treatment. 

4.9 - Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES) 

ICP-OES is an analytical emission spectroscopy technique for the detection of chemical elements 

based on the use of the inductively coupled plasma. 

The plasma torch is composed of three concentric quartz tubes inside which a stream of argon (Ar) is 

fluxed and then ionized by the strong electromagnetic field generated by a radiofrequency coil 

(working at 27 or 40 MHz) surrounding the tip of the torch tube (inductive coupling). The plasma 

thus generated has a stable temperature in the range from 6000 to 10000 K resulting from the 

inelastic collisions occurring between the neutral and ionized Ar atoms. A peristaltic pump delivers 

the sample solution into a nebulizer, where it is converted into a fine mist then directly introduced 

inside the plasma flame through the narrow tube in the center of the torch (Figure 34). Thanks to the 

high temperature and high electron density of the plasma, the sample gets immediately ionized, 

emitting electromagnetic radiations whose wavelengths are characteristic of the elements present in 

the sample. The emission radiations are sent to the spectrophotometer by which they are translated in 

the form of an emission spectrum where the intensity of each peak is proportional to the 

concentration of the elements within the sample.146147  

ICP-OES allows simultaneous analysis of all elements present in the sample with high sensitivity (in 

the order of ppb and lower). The plasma torch operates at temperatures that are almost double those 

used in the Atomic Absorption Spectrophotometry AAS (which operates between 2000 and 3000 K) 

and is therefore able to excite and detect various elements otherwise difficult to analyze with AAS. 

During this thesis, the ICP-OES was used to evaluate the decrease in the concentration of heavy 

metal ions present in the waters subjected to adsorption treatment. 

https://en.wikipedia.org/wiki/Emission_spectroscopy
https://en.wikipedia.org/wiki/Inductively_coupled_plasma
https://en.wikipedia.org/wiki/Peristaltic_pump
https://en.wikipedia.org/wiki/Electromagnetic_radiation
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Figure 34. Schematic representation of ICP-OES apparatus. 

 

4.10 - Potentiometric titrations 

During this thesis work, potentiometric titrations were used to determine the ligand content on the 

OMS surface, its protonation constants, and successively stability constants of the formed 

metal/ligand complexes.  Moreover, the charge of the ligand and its complexes, together with 

stoichiometry of the complexes were established.  

Generally, ligands are weak acids or bases, so it is possible to obtain information on the nature of the 

system by measuring the pH variation with a glass electrode (GE). The potential measured by this 

electrode depends on the activity of the H+ ion through Nernst's law: 

                                                     𝐸 = 𝐸0 +
𝑅𝑇

𝐹
𝑙𝑛𝑎𝐻+ + 𝐸𝑗                                              (52) 

where E0 is the standard potential of the electrode (V), Ej is the liquid junction potential of the cell 

(V), T (K)is the absolute temperature, R is the universal gas constant (8.314 J·mol-1·K-1), F is the 

Faraday constant (9.65·104 mol·C-1) and aH
+ is the H+ ion's activity.  

Activity and concentration are related through the following relationship: 
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                                                           𝑎𝐻+ = 𝛾𝐻+[𝐻+]                                                    (53) 

where γH
+ is the activity coefficient, that is constant if the ionic strength is constant, and approaches 

to 1 when the concentrations of the other species are lower (10%) than that of the ionic strength:  

                                                              𝑎𝐻+ = [𝐻+]                                                       (54) 

At 25°C (298 K), the Eq.52 can be transformed into: 

                                                   𝐸 = 𝐸0 + 59.16 ∙ 𝑙𝑜𝑔[𝐻+]                                           (55) 

In a system where the H+ concentration is varied, the complexes formation constants,  can be 

determined only if ligand, proton and metal analytical concentrations are known. For this reason, the 

concentration of the free ligand and its protonation constants are determined separately in the 

titration curve without metal ions. From this relation:  

                                                         𝑛𝑖 =
[𝐻+]0−[𝐻+]𝑖

[𝐿]
                                                       (56) 

where [L] is the ligand concentration, [H+]0 is the protons initial concentration and [H+]i is the 

protons concentration at the point i, it is possible to calculate, for any titration point, the average 

number of bound protons n, which therefore depends on the pH, on the number of species present 

and deprotonation constants. Once the protonation constants (pKa) of the ligand are known, the 

complexes formation constants can obtained calculating the average concentration of ligands per 

metal ion using the following equation: 

                                                             𝑍𝑖 =
[𝐿]0−[𝐿]𝑖

[𝑀]0
                                                        (57) 

where Z is a function of  the global formation constant of the MpLrHq complex (Z = f (βpqr)) defined 

as :  

                                                        𝛽𝑝𝑞𝑟 =
[𝑀𝑝𝐿𝑟𝐻𝑞]

[𝑀]𝑝[𝐿]𝑟[𝐻]𝑞                                                    (58) 

The complex formation curve can be obtained by plotting Z against log [L]i.  
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The speciation distribution curves can be provided  by plotting the percentages (or partial mole 

fraction) or equilibrium concentrations of the different chemical species present in the solution as a 

function of pH.148  

            
Figure 35. Picture of automatic Metrohm titrator.          

Hyperquad program149 was used to calculate the ligand concentration and its protonation constants; 

moreover, stability constants of the formed metal/ligand complexes were calculated. The calculation 

method starts from the stoichiometry of the complex and from an initial logβ proposed by the 

operator. Then, the logβ value is refined with the least squares method. The Ordinary Least Squares 

method (OLS) is an optimization (or regression) technique that permits to find the best fitting 

function (represented by an optimal curve -or regression curve), which comes as close as possible to 

a dataset (typically points of the plane). In particular, the proper function must be the one that 

minimizes the sum of the squares of the distances between the observed data and those of the curve 

that represents the function itself.  

Computational modeling provides a very important alternative approach to the controlled 

instrumental methods for determining speciation, and can be helpful understanding experimentally 

obtained findings and reduce the experimental effort required.150 
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4.10.1 - The Glass Electrode (GE) 

The glass electrode (GE)(Figure 36) is used to measure the potential (mV) as it allows a quick and 

precise measurement of the activity of hydrogen ions in solution. The active part of the GE consists 

of a bulb-shaped glass membrane made of alkaline and alkaline-earth metal ions silicates; these 

cations occupy tetrahedral cavities in the crystal lattice of the glass, where they are maintained by 

electrostatic forces. The external surface of the membrane is made by thin layer of gel, in which H+ 

cations (or monovalent cations) penetrate and move from one cationic gap to another. The same 

phenomenon occurs on the internal surface of the membrane, which contacts with the inner buffer 

solution at known pH. The central anhydrous layer of the membrane, , ensures electrical contact 

between the two solutions. Ion exchange reaction occurs between the smaller cations on the 

membrane and the H+ ions in the analyte solution, which do not cross the glass membrane: 

H+ + Na+
glass ↔ Na+ + H+

glass 

Therefore, when internal and external solutions have different pH, a potential difference called 

"membrane potential" (EM) is established between the two faces of the membrane, as described by 

the equation: 

                                       𝐸𝑀 =
𝑅𝑇

𝐹
𝑙𝑛

[𝐻𝑂𝑈𝑇
+ ]

[𝐻𝐼𝑁
+ ]

= 0.059 (𝑝𝐻𝑂𝑈𝑇 − 𝑝𝐻𝐼𝑁)                           (59) 

 
Figure 36. Representation of a Glass Electrode (GE). 
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This potential difference can be measured by connecting two solutions with two electrodes, one 

internal and the other external (considered a reference electrode).  

The calibration of the pH-meter allows you to adapt the electrode to certain conditions to ensure that 

exactly Nernst's law, i.e., that at 25 °C the e.m.f. varies by 59.16 mV for each pH unit. Before 

collecting potentiometric data of the ligand and its metal complexes, it is necessary to calibrate the 

electrode and verify the electorde’s standard reduction potential (E0) and the concentration of the 

titrant (NaOH was used in this thesis work),  At each addition of titrantbefore the equivalence point 

the concentration of the proton H+ is given by the equation: 

                                                       [𝐻+] =
𝐶0𝑉0−𝐶𝑇𝑉𝑇

𝑉0+𝑉𝑇
                                                      (60) 

where C0 and V0 are the initial concentration and volume of the acid, and CT and VT are the 

concentration and the volume if the titrant.  

When plotting the resulting potential as a function of the titrant’s volume a sigmoidal curve can be 

obtained (Figure 37).  

 
Figure 37. Sigmoidal titration curve transformation using the Gran’s method.  

The sigmoidal curve can be converted into ‘V’ shape curve, by  using the Gran's method where the 

points VT·10- E / 0.05916 are plotted as a function of VT according to the following equation: 

                                           𝐶0𝑉0 − 𝐶𝑇𝑉𝑇 = 𝑉0 + 𝑉𝑇 ∙ 10
−𝐸

0.05916                                        (61) 

The Gran plot consists of two straight lines (branches), characterized by slopes of opposite sign, 

which intersect on the abscissa at the equivalence point. From this graph it is possible to calculate the 

electrode potential (E0), titrant’s concentration, and pKw value.  
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5 - Aim of the thesis 

The purpose of this thesis work was the removal of heavy metal ions and organic dyes from water by 

adsorption through the use of synthetic nanostructured materials, such as functionalized ordered 

mesoporous silica (OMS) and metal-organic frameworks (MOFs). 

5.1 - Functionalized OMS for the adsorption of heavy metal ions 

Chelating molecules are the best tools for capturing heavy metal ions. However, since the formation 

of complexes in the homogeneous phase would not be useful to remove the aforementioned metals 

from the water, a heterogenization of the chelating agents is necessary. OMS do not in themselves 

represent an innovative material, but thanks to their huge surface area and the presence of superficial 

silanols, they can be easily used for the immobilization of a very wide range of molecules with 

considerable loads. For this reason, the OMS have been considered excellent candidates as supports 

for the ligands selected for this work. 

Firstly, the synthesis of the SBA-15 type silica were carried out according to Zhao et al. procedure.99 

Then, in order to obtain more efficient and specific adsorbent for the removal of heavy metal ions, 

the post synthesis surface functionalizations with two different organic ligands, namely 

Triethylenetetramine (TETA) and 2,8-dithia-5-aza-2,6-pyridinophane macrocycle (PyNS2), were 

performed.  

   Triethylenetetramine (TETA) is a commercial linear organic molecule containing four chelating 

amino groups (two primary and two secondary) whose degree of protonation depends on the pH. In 

aqueous medium, these or amino groups are able to coordinate Cu2+ and Zn2+ ions generating stable 

complexes. Heterogenized TETA has been already used for different purposes, such as Cu2+ ion 

selective membranes, realization of hybrid membranes for nanofiltration. In the context of 

adsorption, the functionalization of different materials with TETA has given rise to excellent 

absorbent materials. For instance, TETA has been successfully immobilized on mesoporous silica for 
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CO2 capture on biomass and hybrid magnetic graphene151  for the adsorption of organic dyes, and on 

magnetic coreshell particles of silica-coated iron oxide,  for the removal of Pb2+ and Cu2+ from 

water.152   

   The 2,8-dithia-5-aza-2,6-pyridinophane (PyNS2) is a N2S2-donating 12-membered macrocycle, 

where a pyridine ring ensures rigidity to the structure and a certain distance between the electron 

donating atoms. Macrocycles are exceptionally interesting due to their ability to coordinate various 

metal ions (both alkaline earth and transition metals) on adapting their structure and changing the 

nature of donor atoms. The selectivity can be regulated according to the soft-hard properties of the 

electron donor atoms, and to the conformation and size of the macrocycle. The studies carried out by 

Blake et al.153 have shown that PyNS2 is able to stably coordinate Cu2+ , Hg2+, Cd2+ and Pb2+ 

forming 1: 1 complexes thanks to the soft S-donors. By virtue of this, PyNS2 functionalized with 

different fluorescent subunits, such as coumarins,154 napthol-benzoxazoles,154 quinoline 

derivates,155156 and anthracene derivatives, turned out to be an excellent fluorescent chemosensor for 

the detection of heavy metal ions, both in liquid and solid state.  

To the best of our knowledge, the PyNS2 has never been used for environmental remediation 

purposes. 

 

Figure 38. Functionalization of SBA-15 with TETA and with PyNS2. 



68 
 

Since the direct covalent grafting of TETA and PyNS2 onto SBA-15 is not possible, in both cases an 

intermediate functionalization with chloropropyltrimethoxysilane (CPTMS) was carried out (Figure 

38), in order to introduce the ligands in a second step by nucleophilic substitutuion with the exiting 

of Cl-.  

The silica-based adsorbents thus obtained (SBA-TETA and SBA-PyNS2) were characterized from a 

structural, textural and chemical point of view by means of Small Angle X-Rays Scattering (SAXS), 

Transmission Electron Microscopy (TEM), N2 physisorption, Thermogravimetric Analysis (TGA), 

Fourier-Transform Infrared spectroscopy (FT-IR) and potentiometric titration.  

At last, batch adsorption experiments were conducted to evaluate the adsorbing performance of 

SBA-TETA and SBA-PyNS2 against some heavy metal ions. By monitoring these experiments with 

UV-Vis spectrophotometric analysis (through colorimetric method) and Inductively Coupled Plasma 

Optical Emission Spectroscopy (ICP-OES), and then fitting the experimental data with some 

isotherms and kinetic models, the thermodynamic and kinetic parameters of the adsorption processes 

were determined . In addition, potentiometric studies allowed to obtain information about the 

stoichiometry and stability of the various adsorbent-metal ions pairs. 

The study of SBA-TETA material and its adsorbing performances towards Cu2+ and Zn2+ are the 

content of PAPER I and PAPER II. In particular, PAPER I fully elucidates the synthesis and 

characterization of SBA-TETA, and describes the experiments (isotherms and kinetics) that have 

been carried out in order to determine the kinetic and thermodynamic adsorption parameters. 

PAPER II, realized in collaboration with the KAUST (King Abdullah University of Science and 

Technology of Saudi Arabia),  re-confirms PAPER I data through the use of potentiometry, Electron 

Paramagnetic Resonance (EPR) and Solid State Nuclear Magnetic Resonance (ssNMR), and 

represents the first example in the literature of ligand content quantification of a functionalized 

material by means of potentiometric technique. Furthermore PAPER II provides an in-depth study 

of the solution equilibria of Cu-SBA-TETA and Zn-SBA-TETA complexes. 
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PAPER III presents the synthesis and characterization of SBA-PyNS2 and its adsorbing 

performances towards Cu2+ and Cd+. Both systems Cu- SBA-PyNS2 and Cd-SBA-PyNS2 have been 

studied from the kinetic and thermodynamic point of view, and their stability and speciation in 

solution were determined by means of the potentiometric method. 

5.2 - Fe-BTC type MOF for the adsorption of organic dyes 

Numerous examples of highly performing MOFs for the adsorption of organic dyes are reported in 

the literature. However, the procedures adopted for the synthesis of the vast majority of these MOFs, 

implies poorly eco-sustainable operational conditions, such as high temperature, organic solvents, 

toxic reagents, long reaction time, etc. For this reason, one of the aims of this thesis work was the 

study of the adsorption capacities of a MOF synthesized by means of a mild synthesis procedure, and 

compare its performance with those of similar materials obtained by anti-ecological synthesis.  

 

Figure 39. FeBTC synthesized according to the Sanchez-Sanchez procedure and its application as a dye adsorbent. 
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For this purpose, a MOF made of iron and trimesic acid, Fe-BTC, was synthesized exploiting the 

synthetic procedure proposed by Sanchez-Sanchez in 2015,121 which is facile, rapid and practicable 

under environmentally and economically sustainable conditions (few minutes at room temperature 

using water as solvent) (Figure 39). As fully described in PAPER IV, thus synthesized Fe-BTC has 

been characterized by means of Powder X-rays Scattering (XRD), Scanning Electron Microscopy 

(SEM), N2 physisorption, Thermogravimetric Analysis (TGA) and Fourier-Transform Infrared 

spectroscopy (FT-IR). Then batch adsorption experiments were conducted to evaluate the adsorbing 

performance of Fe-BTC against Malachite Green (MG) and Alizarin Red S (ARS) organic dyes. The 

thermodynamic and kinetic parameters related to both the adsorption processes, were determined by 

monitoring these experiments by means of UV-Vis spectrophotometric analysis, and then comparing 

the obtained experimental data with the trend proposed by some theoretical models. 
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A B S T R A C T

Mesoporous silica particles, based on SBA-15 matrix, were functionalized with triethylenetetramine (TETA), and
characterized by transmission electron microscopy (TEM), small angle X-ray scattering (SAXS), and N2-ad-
sorption/desorption isotherms (surface area and pore size distribution). The functionalization of SBA-15 with
TETA to obtain SBA-TETA was confirmed by Fourier transform infrared spectroscopy (FTIR) and thermogravi-
metric analysis (TGA). SBA-TETA functional material was used for the adsorption of Cu2+ and Zn2+ metal ions
from aqueous solutions at pH 4 and T=298 K. The adsorption kinetics was faster for Zn2+ with respect to Cu2+

ions, and could be described by the pseudo-second order model indicating the chemisorption of the metal ions as
the rate-determining step of the adsorption process. Adsorption isotherms at 298 K were carried out, and the
experimental data analyzed with Freundlich, Temkin, and Langmuir models. Among the isotherm models,
Langmuir gave the best fitting of the experimental data, allowing to quantify the maximal adsorbable amount of
Cu2+ (23.9 mg g−1) and Zn2+ (13.6 mg g−1) by SBA-TETA. Moreover, the Langmuir constant, KL, was used to
calculate the thermodynamic adsorption constant Ko and the associated ΔGo, namely –21.7 kJ mol−1 and
–28.4 kJ mol−1 for Cu2+ and Zn2+ adsorption processes, respectively. These values are better than those re-
ported in similar works, likely due to the superior performance of TETA chelating agent respect to conventional
alkyl-amino ligands once grafted on SBA-15 surface.

1. Introduction

Nowadays, environmental pollution has become a very important
issue. Among different pollutants, heavy metals represent a highly toxic
category [1–3]. They enter in biological organisms through the food
chain and can thus be assumed also by humans [3]. The accumulation
of heavy metals in the body can lead to various diseases, such as hor-
monal or nervous system disorders, as well as various types of in-
flammations and tumors [3]. Mine waters are acidic aqueous solutions
mainly containing relatively high concentrations of metals (e.g. Fe3+,
Al3+, Cu2+, Zn2+, etc.) [4]. They can pollute nearby surface and
ground waters causing a pH decrease as well as the accumulation of
heavy metals. All around the world there are many abandoned mines
as, for example, in Australia where more than 50,000 inactive mines
have been counted [5]. Abandoned mines constitute a long-term source

of pollution for natural waters with high potential negative impact on
aquatic organisms, plants, and humans. The established treatments for
mine waters are based on the use of limestone or other basic reagents
which neutralize the solution and precipitate metal ions in the form of
hydroxides [6,7]. This method is limited by the high associated costs,
such as reagent consumption, and further treatment of the obtained
solid phase [4,5]. On the other hand, due to the increasing demand of
specific metals (i.e. Cu2+, Zn2+) in various technological fields, it
might be economically interesting to carry out their selective recovery
from mine waters [8]. Adsorption is an economic and effective method
which may be used for both heavy metals removal from wastewaters
and their recovery for technological reuse [4,9]. Several pollutant ad-
sorbents have been described in the literature [10–13]. Each of them
has both advantages and disadvantages. For example, biosorbents
coming from vegetable waste are cheap but with low performance
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associated to their low surface area [10]. On the contrary, more effi-
cient adsorbents, such as graphene oxide and activated carbon, are ei-
ther expensive or offer a limited possibility of surface functionalization
needed to customize pollutant adsorption [11,14]. Among a variety of
adsorbents, ordered mesoporous silicas (i.e. SBA-15, MCM-41, etc.) are
very interesting and versatile materials because of their high surface
area, uniform pore size distribution, and easy surface functionalization.
All these features, together with a low production cost, constitute pri-
mary advantages of ordered mesoporous silica respect to other mate-
rials with high pollutants adsorption capacities [14]. Beside adsorption
[15–21], the applications of mesoporous silica span from catalysis
[22–24], biocatalysis [25–28], sensing [29–32], and nanomedicine
[33–38]. Surface functionalization with suitable molecules carrying
binding groups provide a usual strategy to make mesoporous silica ef-
fective adsorbents for specific chemical species. Triethylenetetramine
(TETA, Scheme 1) molecule is characterized by four chelating amino
(two primary and two secondary) groups which can occur in differently
protonated forms as a function of pH [39]. When dissolved in aqueous
solutions TETA is able to form stable complexes with Cu2+ and Zn2+

ions [40]. Taking advantage of its chelating power, TETA has been
heterogenized for different applications, such as the realization of hy-
brid membranes for nanofiltration [41], or Cu2+ ion selective mem-
branes through an ion-imprinting method [42]. Moreover, TETA was
also used to functionalize the biomass from Funalia trogii to obtain a
bioadsorbent for Congo red dye [43], KIT-6 mesoporous silica for CO2

capture [44], and silica-coated iron oxide-based magnetic particles for
the adsorption of Pb2+ and Cu2+ from water [45].

Copper and zinc are two metals which play an essential role in
biological systems as they are among the main metal cofactors in many
enzymes and proteins. The lack of these two metals can lead to serious
dysfunctions [3], but their excess can be harmful as well [46]. Nowa-
days the main causes of copper and zinc pollution are represented by
industrial wastewaters from the metallurgical industry, and by effluents
of mining extractions [4,5].

In this work an adsorbent, based on ordered mesoporous silica (SBA-
15) functionalized with TETA, was prepared for the adsorption of Cu2+

and Zn2+ metal ions from aqueous solutions. The functionalized silica
material (named SBA-TETA) was carefully characterized through dif-
ferent techniques (TEM, SAXS, FTIR, N2-adsorption isotherms, TGA,
and elemental analysis). The adsorption kinetics and isotherms of
copper and zinc on SBA-TETA were determined at fixed values of pH
(=4) and temperature (298 K) by means of ICP-OE spectroscopy. This
study allowed to quantify the adsorption capacity of SBA-TETA material
with respect to Cu2+ and Zn2+ ions, and the thermodynamic constant
along with the Gibbs free energy of the adsorption process, as well as
the adsorption kinetic mechanism. The obtained kinetic and thermo-
dynamic parameters are of extreme importance for the possible appli-
cation of SBA-TETA as an adsorbent for Cu2+ and Zn2+ for both en-
vironmental and technological purposes.

2. Materials and methods

2.1. Chemicals

Pluronic copolymer P123 (EO20PO70EO20) tetraethylorthosilicate,
TEOS (≥99%); (3-chloropropyl)trimethoxysilane, CPTMS (≥97%);
triethylenetetramine, TETA (≥97%); copper chloride dihydrate, CuCl2 ∙
2 H2O (≥99,0%), anhydrous toluene (≥99,7%), dimethylformamide
(DMF, ≥99,9%), acetone (≥99%) HCl (37%), NaCl, NaOH pellets were
purchased from Sigma Aldrich (Milano, Italy). Copper stock solutions
(1000 ± 2 ppm in HNO3 2% m/m) and (1007 ppm in HNO3 1% m/m)
were purchased from Fluka Analytical and Aldrich Chemical Company,
respectively. Zinc stock solution (10000 ppm in HNO3 5% m/m) was
from Ricca Chemical Company. Zinc chloride salt, ZnCl2 (97%) was
purchased from Carlo Erba. Diethyl ether (99.8%), and ethanol (99.8%)
were purchased from Honeywell.

2.2. Synthesis of SBA-TETA

SBA-15 mesoporous silica was synthesized according to Zhao et al.
[47]. The functionalization with (3-chloropropyl)trimethoxysilane
(CPTMS) was carried out by dispersing 1 g of obtained SBA-15 in 25mL
of anhydrous toluene, adding 700 μL of CPTMS [48] and keeping the
mixture under stirring at 110 °C overnight. The resulting SBA-Cl
(Scheme 1) was collected by filtration, washed with diethyl ether and
water and dried under vacuum. A mass of 0.5 g of SBA-Cl was dispersed
in 14mL of anhydrous toluene, then the solution containing 0.56 g of
TETA dissolved in 1mL of DMF was added. The resulting suspension
was kept under stirring at 110 °C for 24 h. SBA-TETA (Scheme 1) was
recovered by filtration, washed with diethyl ether and dried under
vacuum overnight [48].

2.3. Physico-chemical characterizations

Transmission Electron Spectroscopy (TEM) analysis of SBA-15 was
performed with a Jeol JEM 1400 Plus, operating at 120 kV. The hex-
agonal structure was also determined by small-angle X-rays scattering
(SAXS) analysis. Patterns were recorded with a S3-MICRO SWAX
camera system (Hecus X-ray System, Graz, Austria). CuKα radiation of
wavelength 1.542 Å was provided by a Genix X-ray generator, oper-
ating at 30 kV and 0.4mA. N2 adsorption/desorption isotherms at 77 K
were carried out on a ASAP 2020 instrument to obtain the textural
parameters of the materials such as the surface area (Brunauer-Emmett-
Teller, B.E.T.) [49], pore size distribution (Barrett-Joyner-Halenda,
B.J.H.) [50]. Before analysis SBA-15 sample was heated at 110 °C at a
rate of 1 °C/min under vacuum for 12 h, whereas functionalized sam-
ples were heated at 80 °C and outgassed under the same conditions.
FTIR analyses, to verify the occurrence of chloro-propyl group and
TETA ligand on functionalized SBA-15, were carried out through a
Bruker Tensor 27 spectrophotometer equipped with a diamond-ATR
accessory and a DTGS detector. A number of 128 scans with a resolu-
tion of 2 cm−1 were averaged in the spectral range 4000 cm−1 –
400 cm−1. To quantify the functionalization percentage elemental
analysis (Perkin Elmer Series II 2400) were achieved. Thermal analysis
data were collected with a STA6000 - Perkin Elmer in the 25–850 °C
range, under oxygen flow (heating rate =10 °C/min; flow rate= 40mL
min−1).

2.4. Determination of Cu2+ and Zn2+concentrations through ICP-OES
measurements

The copper and zinc concentrations in aqueous solutions were
analyzed by inductively coupled plasma optical emission spectrometry
(ICP-OES). The operational parameters were: RF Power:1.2 kW. Plasma
gas: 12 L min−1, Aux gas: 1.0 L min−1, Nebulizer flow 0.7 L min−1.
Emission lines (nm): Cu (327.395, 324.754 and 213.598) and Zn

Scheme 1. Functionalization of SBA-15 with CPTMS and TETA to obtain SBA-
Cl and SBA-TETA respectively.
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(213.857, 202.548 and 206.200). No spectral interference was ob-
served. The standard solutions ranging from 0.5 to 50mg/L in 1% nitric
acid were prepared by the analytical dilution of standard zinc and
copper solutions.

2.5. Metal ions adsorption studies

The metal ion (Cu2+ or Zn2+) adsorption kinetics on SBA-TETA and
SBA-15 were carried out by suspending 3mg of mesoporous adsorbent
in 2mL of 10mg L−1 metal solution for time intervals ranging from
10min to 24 h at pH 4. All samples were kept under rotation (22 rpm)
at 298 K. The process was then stopped, and the solution was filtered
through Ø 0.2 μm syringe cellulose filter (Minisart Syringe Filter). For
the isotherm studies, mesoporous materials were treated with metal ion
solutions of variable concentration, ranging from 5 to 400mg L−1; the
reactions were stopped after 24 h. The residual copper and zinc con-
centrations in the water solution after adsorption on SBA-TETA were
quantified by ICP-OES. Each experiment was carried out at least in
triplicate.

2.5.1. Adsorption kinetic models
The adsorption kinetics was quantified by measuring the decrease of

metal ion (either copper or zinc) concentration in the adsorbing solu-
tion, at given times (qt) through the following equation [13,38]:

=
− ⋅q C C V

m
( )

t
i t

(1)

where Ci and Ct are the metal ion concentrations expressed as mg L−1 at
time=0 and time= t, respectively; V is the volume of the solution
(mL) and m is the mass of the adsorbent (g).

Different kinetic models were used to analyze the experimental
data. According with the pseudo-first order model [51]:

− = − ′q q q k tln( ) lne t e (2)

qe is the amount of ion adsorbed at equilibrium, that is the equilibrium
loading (mg g−1); k’ is the pseudo-first order constant (min-1).

Alternatively, kinetic data were analyzed by means of the pseudo-
second order model [51]:

=
⋅
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q
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where k’’ is the pseudo-second order constant (g mg−1 min−1).
Finally, the intraparticle diffusion model [51]:

= +q k t xt i i
1/2 (4)

where ki is the intraparticle diffusion constant (mg g−1 min-1/2), was
used.

2.5.2. Adsorption isotherms
The adsorption isotherms were determined by plotting the adsorbed

amount of Cu2+ and Zn2+ (mg g−1) versus the equilibrium con-
centration of Cu2+ and Zn2+ (mg L−1) in the adsorbing solution. The
experimental data were fitted through three different isotherm models’
- namely Freundlich, Langmuir, and Temkin [52].

The linearized Freundlich adsorption isotherm equation is:

= +q K
n

Cln ln 1 lne F e (5)

where 1/n (dimensionless) and KF (L mg−1) are the heterogeneity
factor and the support capacity, respectively. These parameters are
characteristic of each adsorbate-adsorbent pair and are also called
Freundlich constants [52]. Freundlich model deals with heterogeneous
adsorbents surfaces on which the adsorbate molecules form a multi-
layer.

Langmuir isotherm considers homogeneous adsorbents with
equivalent and localized adsorption sites that allow the formation only
of a monolayer of adsorbate. The linearized Langmuir equation is:

=
⋅

+ ⋅
C
q K q q

C1 1e

e L M M
e

(6)

where KL is the Langmuir constant (L mg−1) and qM (mg g-1) is the
maximum monolayer coverage capacity.

Finally, Temkin isotherm [52] was used. This model considers the
adsorbate–adsorbent interactions. The adsorption enthalpy of the ad-
sorbed molecules/ions in the layer decreases linearly with coverage due
to adsorbate-adsorbent interactions. The linearized Temkin equation is

= +q RT
b

A RT
b

Cln lne
T

T
T

e (7)

where bT is the Temkin constant and AT (L mg−1) is the Temkin equi-
librium binding constant.

Fig. 1. Characterization of mesoporous silica samples. A) TEM images of the SBA-15 sample. Bar =200 nm. B) SAXS patterns of SBA-15, SBA-Cl, and SBA-TETA
samples. C) N2-adsorption/desorption isotherms. D) Pore size distribution calculated (BJH method) from the desorption branch. E) Thermogravimetric analysis
(TGA).
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3. Results and discussion

3.1. Physico-chemical characterizations

The TEM image in Fig. 1A shows the porous structure of SBA-15
constituted by parallel channels. The structural characteristics of the
synthesized materials were determined by small angle X-ray scattering
(SAXS) as shown in Fig. 1B. The SAXS pattern of SBA-15, reporting the
scattering intensity (arbitrary units) as a function of the scattering
vector q (Å−1), has the typical SAXS pattern of hexagonal phases. In-
deed, the pattern displays an intense peak relative to the reflections of
the planes 10, and two less intense peaks due to 11 and 20 planes. The
structural order is retained after the functionalization, showing a value
of the lattice parameter a, around 107–110 Å (Table 1). The textural
characterization of mesoporous silica samples was carried out through
N2 adsorption/desorption isotherms at 77 K, as shown in Fig. 1C. All
samples show a hysteresis cycle due to capillary condensation typical of
mesoporous materials. The isotherms of SBA-Cl and SBA-TETA samples
occur at lower volumes (lower amount of adsorbed N2) than SBA-15.
This behavior is clearly due to the decrease of the surface area and of
the porous volume of the material because of post-synthesis functio-
nalization (Fig. 1C, and Table 1). For the same reason, a decrease in the
mean pore diameter, that is of the maximum of the pore size distribu-
tion (Fig. 1D and Table 1), is also observed. The specific surface area
(SBET), pore volume (Vp) and the mean pore diameter (dp) values agree
with the other parameters trend. Fig. 1E shows the thermogravimetric
analysis (TGA) of SBA-15, SBA-Cl and SBA-TETA samples. The mass loss
(%) values (T > 200 °C), (see Table 1), confirm the successful func-
tionalization of SBA-15 with CPTMS and then with TETA ligand. In
particular, TGA allowed to estimate the amount of TETA ligand grafted
on SBA-15 which was 134mg−1 (Table 1). This value is comparable
with 128mg g−1 obtained by elemental analysis (Table S2, Supple-
mentary material file).

Fourier transform infrared spectroscopy (FTIR) was used to verify
the successful functionalization of SBA-15 with CPTMS and TETA li-
gand (Fig. 2). SBA-15 spectrum presents an intense band at 1070 cm−1

due to the stretching of the -Si-O-Si- bonds, and a less intense band at
960 cm−1 assigned to Si−OH stretching. The intensity decrease of the
960 cm−1 band in the spectrum of SBA-Cl sample indicates the reaction
of the silanol groups with CPTMS for the introduction of the chlor-
opropyl groups on SBA-15 surface. In the spectrum of the SBA-Cl, a
weak band at 690 cm-1 is likely due to the stretching of aliphatic C-Cl
bonds [18]. SBA-TETA spectrum shows a medium intensity band at
1650 cm−1 [42], similar to those at 1660 cm−1 and 1630 cm−1, due to
-NH2 bending, found in the FTIR spectrum of free TETA (Fig. 2A) [45].
The bands in Fig. 2A at 3320 cm−1 and 3250 cm−1, characteristic of
-NH2 stretching, are not observed in the SBA-TETA sample. Conversely,
SBA-TETA spectrum shows some weak bands around the 2990 cm−1,
2930 cm−1, and 1430 cm−1due to the stretching and bending of the
C–H bonds of the aliphatic chains, respectively, like those at
2930 cm−1, 2830 cm−1, 1470 cm−1 and 1380 cm−1, observed in the

spectrum of free TETA. These spectral results confirm the successful
functionalization of SBA-15 to obtain both SBA-Cl and SBA-TETA ma-
terials.

3.2. Adsorption kinetics of Cu2+ and Zn2+ on SBA-TETA

The adsorption kinetics of copper and zinc on SBA-TETA from an
aqueous solution was then studied. The adsorption pH=4 was chosen
after the analysis of speciation diagrams of copper and zinc hydrolysis
(Fig. S1, Supplementary material file). At this pH there is no pre-
cipitation of copper and zinc hydroxides. Fig. 3A shows the adsorption
kinetics, that is, the adsorbed amount of copper and zinc ions, qt (mg
g−1), as a function of the contact time, t (min). As the contact time
increases, qt increases until a constant value - corresponding to the
adsorption equilibrium - is reached. Fig. 3A also shows that adsorption
on SBA-TETA is faster for Zn2+ than for Cu2+ ions. Indeed, the former
reaches the equilibrium in about 180min, whereas 480min are needed
for the latter. Fig. S2 (Supplementary material file) shows the very low
adsorption amount of Cu2+on SBA-15. This confirms the importance of
SBA-15 surface functionalization to obtain an effective adsorbent.

The experimental data were analyzed according to different kinetic
models, namely, the pseudo-first order, the pseudo-second order and
the intraparticle diffusion models [53,54]. The linearized plots for the
various kinetic models are shown in Fig. 3B–D, whereas the different
kinetic parameters (i.e. kinetic constants, adsorbed amount at the
equilibrium, etc.) obtained by the application of the different models,
are listed in Table 2.

Among the different models, the pseudo-first order gives the worst
fitting as demonstrated by the low correlation coefficient values
(Table 2) obtained for both Cu2+ and Zn2+ ions adsorption. The
pseudo-second order model, instead, show a very good fit with the
experimental kinetic data for both ions. Remarkably, the adsorbed
amount at the equilibrium, the qe values, obtained through the pseudo-
second order fitting, are very similar to those obtained in Fig. 2A at
equilibrium. The kinetic constants confirm that adsorption on SBA-
TETA surface is faster for Zn2+ (k”=1.20×10−2 g mg−1 min−1)
with respect to Cu2+ (k”=8.31× 10−3 g mg−1 min−1) ions. Ac-
cording to the pseudo-second order model, the rate-limiting step is the
chemisorption which involves the formation of a coordination bonds as
it would occur in our case between SBA-TETA and Cu2+ or Zn2+ [10].
The intraparticle diffusion model was also used to fit our kinetic results.
Fig. 3D shows the variation of qt versus t0.5, shows three straight lines
with different slopes, representing the different kinetic constants of the
different steps involved in the adsorption process of both Cu2+ and
Zn2+ ions. The first constant, ki1, can be associated to the diffusion of
the metal ions from the bulk to the external adsorbent’s surface. This
rate constant has the highest value indicating that the process is fast
(external diffusion step). The second constant, ki2, is lower than the
former, and indicates a slower process, usually associated to the dif-
fusion within silica mesopores (internal diffusion step). According with
Da’na at al. the third constant, ki3, has no kinetic meaning since, at

Table 1
Characterization of original and functionalized SBA-15 samples.

Sample aSBET (m2 g−1) bVp (cm3 g−1) cdp (Å) da (Å) emass loss (%) fmass loss (%) gL(mg g−1)

SBA-15 813 1.01 61.4 108 ± 4 4.5 5.0 –
SBA-Cl 667 0.94 57.8 110 ± 5 2.8 18.5 135
SBA-TETA 373 0.60 51.4 107 ± 3 2.9 31.9 134

a Surface area calculated by the BET method.
b Pore volume from the desorption branch calculated at p/p°= 0.99 by BJH method.
c Pore diameter calculated by applying the BJH method to the isotherm desorption branch.
d Lattice parameter obtained by SAXS a= d ∙ 2/(3)0,5 ∙ (h2 + k2 + hk)0.5.
e Mass loss at T < 200 °C.
f Mass loss at T > 200 °C.
g Amount of functional group grafted to SBA-15 surface calculated from TGA data.

J.I. Lachowicz, et al. Journal of Environmental Chemical Engineering 7 (2019) 103205

4



Fig. 2. FTIR spectra of A) free TETA, B) mesoporous silica synthesized samples SBA-15, SBA-Cl, and SBA-TETA.

Fig. 3. Adsorption kinetics of Cu2+ and Zn2+ on SBA-TETA. A) Adsorbed amount qt versus time. B) Pseudo-first order model; C) Pseudo-second order model; D)
Intraparticle diffusion model. Initial metal ion concentration= 10 ppm; pH=4; stirring speed =22 rpm; T =298 K.

Table 2
Comparison among kinetic models for copper and zinc adsorption on SBA-TETA.

qe exp (mg g−1) Pseudo-first order Pseudo-second order Intraparticle Diffusion

k’ (min−1) qe cal (mg g−1) R k’’ (g mg−1 min-1) qe cal (mg g−1) R ki (g mg−1 min-0,5) xi (mg g−1) R

Cu2+ 5.64 2.12× 10−3 1.75 0.645 8.31× 10−3 5.44 0.999 0.446; 0.136; -0.012 0.268; 2.722; 5.745 0.988; 0.975; 0.948
Zn2+ 6.22 3.89× 10−3 1.36 0.927 1.20× 10−2 6.61 0.999 0.631; 0.076; 0.012 2.354; 4.878; 6.148 0.970; 0.910; 0.993

Fig. 4. Comparison between copper and zinc adsorption isotherms on SBA-TETA. A) qe as a function of the equilibrium concentration Ce. Adsorption data were fitted
using linearized isotherms B) Freundlich; C) Temkin; and D) Langmuir. Adsorption experiments were carried out for 24 h at pH=4 and T=298 K.

Table 3
Comparison among different adsorption isotherm models.

Freundlich Temkin Langmuir

Ion KF (L mg−1) 1/n R bT AT (L mg−1) R KL (L mg−1) qM(mg g−1) R Ke° ΔG°(kJ mol−1)
Cu2+ 3.88 0.35 0.943 6.67× 102 8.37 0.864 0.10 23.9 0.999 6.42× 103 −21.7
Zn2+ 6.02 0.16 0.905 3.41× 103 102 0.646 1.44 13.6 0.989 9.40× 104 −28.4
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those t0.5 values, the almost horizontal line corresponds to the equili-
brium adsorption capacity, indicating the saturation of SBA-TETA ma-
terial [51]. Hence, we can conclude that the pseudo-second order model
gives the best description of our kinetic data, and the chemisorption is
the limiting step of the whole adsorption process.

3.3. Adsorption isotherm of Cu2+ and Zn2+ on SBA-TETA

The determination of adsorption isotherms is extremely important
since they provide the evaluation of the performance of an adsorbent
material toward the removal of specific undesired pollutants. The ad-
sorption isotherms of Cu2+ and Zn2+ ions on SBA-TETA, obtained at pH
4 and 298 K, are shown in Fig. 4A. SBA-TETA adsorbs copper at a higher
extent than zinc. Indeed, the maximal adsorbed amounts, corre-
sponding to the plateaus in Fig. 4A, are 23.9 mg g−1 and 13.6 mg g−1

for copper and zinc, respectively. Although zinc adsorption is char-
acterized by a higher kinetic constant than copper (Fig. 3), a higher
amount of the latter is adsorbed. This finding agrees with previous
studies in aqueous solution where free TETA showed a preferential
binding capacity toward copper with respect to zinc ions [40].

Experimental data in Fig. 4A were then analyzed with Freundlich
(Fig. 4B), Temkin (Fig. 4C) and Langmuir (Fig. 4D) isotherm models
[55]. As shown by the plots in Fig. 4B–D, the Langmuir model fits the
experimental data better than Freundlich and Temkin models as de-
monstrated by a higher correlation coefficient, R, listed in Table 3.
Langmuir model considers the formation of a monolayer of adsorbate,
whereas Freundlich’s model implies adsorbate multilayers [38]. In our
system t adsorption would occur as a result of the formation of co-
ordination bonds between nitrogen atoms of TETA and Cu2+ or Zn2+

ions (Scheme 2). Once all the binding sites on SBA-TETA surface are
saturated, as generally observed in the case of site-specific chemical
adsorption, other significant interactions responsible of a multilayer
adsorption are not expected.

Since Langmuir model gave the best fitting of the experimental data,
the Langmuir constant, KL, (Table 3) was used to calculate the ther-
modynamic equilibrium constant Ke° by means of the equation [12,56]:

=
⋅ ⋅ ⋅ °K K M Adsorbate

γ
1000 [ ]

e
o L ADSORBATE

(13)

Where, MADSORBATE is the atomic mass of the adsorbate (g mol−1),
[Adsorbate]° is the standard concentration of the adsorbate (1 mol L−1)
and γ is the activity coefficient (dimensionless). We assume that our
system is diluted enough to consider γ =1. The Ke° values obtained,
were used to calculate the Gibbs energy (ΔG) of the adsorption process
according to the relation:

= −ΔG RTln Ko
e
o (14)

where R is the universal gas constant (8.314 J K−1 mol−1) and T is the
absolute temperature (298 K). As shown in Table 3, ΔGo value turned
out to be –21.7 kJ mol−1 for the adsorption of Cu2+ and _28.4 kJ mol−1

for the adsorption of Zn2+. The adsorption processes are clearly spon-
taneous, in agreement with what we have experimentally observed.

A recent review, devoted to the use of functionalized mesoporous
silica for heavy metal adsorption, report a comparison among different
adsorbent materials toward copper adsorption [19]. Although that
work reports the values of Freundlich’s (KF) and Langmuir’s constant
(KL), it is difficult to compare those data with what obtained in this
work, because for most of the listed values there is no indication of the
temperature and pH at which the experiments were carried out. Da’na
and Sayari studied the adsorption of copper on amino functionalized
SBA-15 at three different temperatures (293 K, 303 K and 313 K) [57].
By means of the van’t Hoff equation they found that the values of ΔGo

were –0.51 kJ mol−1, –4.38 kJ mol−1, and –7.06 kJ mol−1 at 293 K,
303 K and 313 K, respectively. Those values are lower than that ob-
tained for copper in this work at 298 K (–21.7 kJ mol−1). A possible
reason for such differences can be due to the fact that TETA ligand is
much more efficient toward copper coordination compared to R-NH2

group. The more negative ΔGo value obtained for Cu2+ adsorption in
our experiments can be the result of the chelating action of the TETA
ligand grafted on SBA-15 surface. This confirms the potentiality of the
SBA-TETA adsorbent synthesized in this work.

4. Conclusions

The present work was aimed to obtain a new adsorbent based on
functionalized ordered mesoporous silica (SBA-15), for the removal of
Cu2+ and Zn2+ ions from aqueous solutions. By means of two succes-
sive grafting steps, the surface of SBA-15 was functionalized first with a
chloropropyl group and, subsequently, with triethylenetetramine
(TETA) chelating agent to obtain SBA-TETA. The TEM and SAXS
structural analyses of SBA-15 confirmed the typical hexagonal ar-
rangement of pores while, from N2 physical adsorption/desorption
isotherms, both the surface area and pore size distribution of SBA-15
and of the functionalized materials, SBA-Cl and SBA-TETA, were ob-
tained. FTIR spectroscopy demonstrated the functionalization of the
materials. The functionalization was also confirmed by TGA, which also
allowed to quantify the loading of TETA ligand on SBA-15. Adsorption
kinetics was faster for Zn2+ than for Cu2+ ions since the equilibrium
was reached after 3 h and 8 h, respectively. Both metal ions are ad-
sorbed following pseudo-second order kinetics. The adsorption iso-
therms have shown that, although the material adsorbs zinc faster than
copper, once the equilibrium is reached, almost a double maximal
amount of copper (23.94mg g−1) with respect to zinc (13.63 mg g−1) is
adsorbed at pH 4. These results agree with what reported in the lit-
erature about the general greater affinity of TETA ligand toward Cu2+

with respect to Zn2+ ions. The overall results obtained here are pro-
mising for the potential use of this new type of nanostructured func-
tional material for the adsorption/recovery of Cu2+ and Zn2+ ions from
aqueous solutions.
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Scheme 2. Possible mechanism of metal ion (M) coordination by TETA donor
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Figure S1. TEM images of a) SBA-Cl and b) SBA-TETA. 

 

 

 

 

 

Figure S2. Speciation plots of copper and zinc ions hydrolysis in water. The constants for the Zn2+ 
and Cu2+hydroxides at 25 °C and 0.1 M ionic strength, taken from Baes and Mesmer [Baes Jr, C.; 
Mesmer, R., The Hydrolysis of Cations. RE Krieger, Malabar, Wiley, New York, 1976, 1986.]. 
Charges are omitted for simplicity. 
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Table S1. Mass percentages of C, H and N in synthesized mesoporous silica  samples. 

Sample % C 
(mass) 

% C (mol) % H (mass) % H (mol) % N 
(mass) 

% N 
(mol) 

SBA-15 0.38 0.0316 0.47 0.466 - - 
SBA-Cl 4.80 0.400 0.31 0.308 - - 

SBA-TETA 12.04 1.002 1.07 1.062 4.90a 0.350 
a The amount of TETA in the sample is equal to 0.875 mmol g-1, (49.0 mg g-1/(14.01 g mol-1 × 4)) 
corresponding to a loading of 128 mg g-1, (MMTETA = 146.235 mg mmol-1). 
 

 

 

 

Figure S3. Comparison between Cu2+ adsorption kinetics on SBA-15 and SBA-TETA. Initial Cu2+ 
concentration 10 mg L-1. 
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Figure S4. FT-IR spectra of SBA-15 and SBA-TETA after Cu2+ adsorption. 

 

 

 

 

Figure S5. UV-visible reflectance spectra of SBA-15/Cu2+ and SBA-TETA/Cu2+ samples. The 
spectra are compared with that of the complex between copper and TETA in solution.  
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Figure S6. SBA-TETA operational stability to reuse. Five adsorption/desorption cycles of Cu2+. 

 

The operational stability to recycling of the SBA-TETA is shown in Figure S3. SBA-TETA 

adsorbent was dispersed in a 10 mg L-1 Cu2+ solution under stirring. The residual concentration was 

lower than 5 mg L-1 after the first adsorption cycle. To remove the adsorbed Cu2+ and reuse SBA-

TETA adsorbent, the used sample was washed with a 0.1 M HCl solution. The desorption of Cu2+ is 

also confirmed by an instantaneous color change of the solid which turned from blue to yellowish. 

The regenerated adsorbent was then used for a new adsorption cycle. The adsorbed amount of Cu2+ 

decreased to about 46% respect to the first use at the second cycle. The material was reused for five 

adsorption cycles carrying out a washing with 0.1 M HCl before each reuse. The adsorbed amount 

remained stable up to the fourth reuse (44%) and decreased again (15%) at the fifth cycle. The 

initial decrease of adsorbent performance might be due to the acid treatment which may cause a 

partial release of TETA functional group from SBA-15 surface. More studies will be needed to find 

the optimal HCl concentration and contact time to optimize SBA-TETA performance toward Cu2+ 

removal for several adsorption/desorption cycles.  
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(copper 70  × 10–6 m, zinc 350  × 10–6 m, 
and iron 340 × 10–6 m).[1,2] Nanomaterials 
are receiving high attention in the treat-
ment and diagnosis[3] of neurological 
disorders where the classical pharmaco-
logical approach is not effective due to 
low blood brain barrier (BBB) permea-
bility. An effective drug delivery method is 
combining of drugs with nanocarriers, for 
example, polymeric micelles, liposomes, 
lipid, and polymeric nanoparticles (NPs), 
that have high BBB affinities.[4] Metal ion 
chelators, which are bound covalently to 
nanoparticles, can facilitate drug entry 
into the brain.[5]

Desferrioxamine (Desferal) is an iron 
(Fe), aluminum (Al), copper (Cu), and 
zinc (Zn) chelator that showed a decrease 
of AD progression in clinical trials,[2,6] 
even if the low BBB permeability of DFO 
is still debatable.[7] DFO conjugated to pol-
ystyrene NPs of 240 nm and examined in 

human cortical neurons in vitro prevented Aβ peptide aggrega-
tion,[8] the main component of the  amyloid plaques  found in 
the brains of people with Alzheimer’s disease.[9] Nevertheless, 
low bioavailability and high toxicity restrict the use of metal 
chelators in humans.

Functional nanoparticles are characterized by multiple incor-
poration of positron emitting radionuclides and signal enhance-
ment in positron emission tomography (PET).[10] It has been 

Nanomaterials have received growing attention in the treatment and diagnosis of 
neurological disorders because the low blood brain barrier permeability hinders 
the classical pharmacological approach. Metal ion chelators combined with 
nanoparticles prove effective in the treatment of neurodegeneration and are 
under extensive studies. Most chelating agents and metallodrugs compete with 
endogenous molecules for metal coordination, and do not reach the active site. 
Determining the competition between metallodrugs and endogenous molecules 
requires knowing the stability constants of formed metal complexes. In this study, 
for the first time, potentiometric titrations are used to determine metal complex 
formation constants, and to quantify ligand content in functionalized materials. 
This new potentiometric approach allows physico–chemical characterization 
of mesoporous functionalized materials and their metal adsorption capacity in 
water solution. The potentiometric results are compared with isotherm models 
obtained by spectroscopic measurements and yield rewarding data fitting. The 
potentiometric method described here can be extended to different types of 
nanostructured materials carrying surface ionizable groups.
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1. Introduction

Transition metals play pivotal roles in human metabolism in 
trace amounts but may be toxic when they exceed the tolerance 
limit. Elevated levels of copper (390 × 10–6 m), zinc (1055 × 10–6 m),  
and iron (940  × 10–6 m) have been reported for Alzheimer’s 
disease (AD) in brain. This contrasts sharply with metal con-
centrations found in samples collected from healthy patients 
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reported that NPs with long-lived isotopes increase signal-to-
noise ratio. Among different NPs, mesoporous silica nanoparti-
cles (MSNs) are of high interest as imaging agents,[3,11] as well as 
drug carriers for in vitro and in vivo[11,12] experiments. On top of 
that, MSNs are environment-friendly, and are typically removed 
from the body through renal clearance.[13] Moreover, the par-
ticle and pore size, shape, and surface properties of MSNs can 
be kept under control, making delivery even more feasible for 
many biomedical applications. Furthermore, the high internal 
surface area and pore volume of MSNs, work together with the 
possibility of tuning pore dimensions and mesopore surface 
chemistry. These properties enable loading of large cargo and 
tuning the interactions between the cargo and the carrier.

Copper (Cu), gallium (Ga), indium (In), yttrium (Y), and zirco-
nium (Zr) metal ions are commonly used in PET imaging. DFO 
is a very efficient chelator known for 89Zr4+ ions.[14] Recently, pore-
expanded MSNs functionalized with DFO were used to complex 
high quantity of 89Zr4+ and gave a high PET signal in vivo.[10]

Most PET contrast metal agents are delivered directly into 
the bloodstream where they interact with serum proteins. For 
this reason, the metal complexes do not reach their destina-
tion and provoke side effects in imaging. Different proteins 
and peptides present in the serum can compete with chelating 
agents for metal ions[15] and perturb the species distributions of 
metal drugs/prodrugs during absorption, distribution, metabo-
lism, and excretion processes. Indeed, it is crucial to know the 
rate, strength, and nature of binding between metallodrugs and 
serum proteins in order to better understand the pharmacoki-
netic properties, transport, as well as the mechanisms of action.

As accurately pointed by Debbie Crans:[16] “The rapidly 
growing popularity of solid state chemistry and its expansion into 
the areas of new materials and chemistry of materials has resulted 
in a grow in achieving the detail and species composition on the 
atomic level. (…) We can investigate systems at an increasing resolu-
tion, however, the processes involved in the studies are becoming less 
mechanistically focused in their molecular description.”

Adsorption isotherms are routinely drawn in order to present 
and determine the binding capacity of a surface,[17] but titrations 
and kinetic consideration are also required to determine the 
concentration(s).[17] Protonation processes[18] and simple com-
plex formation reactions have been quantitatively described[19] 
on a surface, but few studies have described surface speciation.

Triethylenetetramine (TETA) dihydrochloride, also commonly 
known as trientine, is a therapeutic molecule that has been used 
as a copper-chelating agent for second-line treatment of patients 
with Wilson’s disease for many decades.[20] In recent years, it has 
also been tested as an experimental therapeutic molecule in dia-
betes, where it improves cardiac structure in patients with dia-
betic cardiomyopathy and left-ventricular hypertrophy.[21] TETA is 
known for forming stable complexes with copper and zinc ions[21] 
and functionalized SBA-TETA particles could be used as new 
effective chelators for zinc and copper ions in human organs.

In this study, several biophysical methods such as potenti-
ometry, electron paramagnetic resonance (EPR), UV–vis, and 
solid-state nuclear magnetic resonance (ssNMR) spectroscopy 
were extensively and successfully used for characterization of 
SBA-TETA particles. Moreover, potentiometric titrations were 
used, to the best of our knowledge, for the first time to quantify 
ligand content in a functionalized nanostructured material and 

to determine metal complex formation constants. We present 
this new potentiometric approach for the physico–chemical 
characterization of mesoporous functionalized materials and 
their metal adsorption capacity in water solution.

2. Experimental Section

2.1. Chemicals

Pluronic copolymer P123 (EO20PO70EO20) tetraethylorthosili-
cate, TEOS (≥99%); (3-chloropropyl)trimethoxysilane, CPTMS 
(≥97%); triethylenetetramine, TETA (≥97%); copper chloride 
dihydrate, CuCl2∙2H2O (≥99.0%), ZnCl2 (≥99.0%) anhydrous 
toluene (≥99.7%), dimethylformamide (DMF, ≥99.9%), acetone 
(≥99%), HCl (37%), NaCl, NaOH pellets were purchased from 
Sigma-Aldrich (Milano, Italy). Copper (1000 ± 2 ppm in HNO3 
2% m/m) and zinc (1000 ± 2  ppm in HNO3 1% m/m) stock 
solutions were purchased from Fluka Analytical and Aldrich 
Chemical Company, respectively. Diethyl ether (99.8%), and 
ethanol (99.8%) were purchased from Honeywell.

2.2. Synthesis of Mesoporous Materials

SBA-15 mesoporous silica was synthesized and functionalized 
with CPTMS according to the method described in the previous 
work.[21] Briefly, the functionalization with chloro-propyl group 
was carried out by dispersing 1 g of obtained SBA-15 in 25 mL 
of anhydrous toluene, adding 700 µL of CPTMS[21] and keeping 
the mixture under stirring at 110  °C overnight. The resulting 
SBA-Cl was collected by filtration, washed with EtO2 and water, 
and dried under vacuum.

0.5  g of SBA-Cl were dispersed in 14  mL of anhydrous tol-
uene, then the green solution of the ligand (0.56 g of TETA dis-
solved in 1 mL of DMF) was added and the resulting mixture 
was kept under stirring at 110 °C for 24 h. The dark-yellowish 
suspension of SBA-TETA was recovered by filtration, washed 
with H2O, EtOH, and Et2O, and dried under vacuum overnight.

SBA-NH2 was synthesized as a reference material for UV–vis 
metal coordination studies. The procedure and characterization 
are described in the previous paper.[22]

2.3. Physico–Chemical Characterizations

TEM imaging was performed using a Titan CT (Thermo Fisher 
Scientific) operating at 300 kV equipped with a 4 k × 4 k CCD 
camera (Gatan, Pleasanton, CA, USA). Images were acquired 
in bright field using a 100 µm objective aperture under parallels 
illumination.

N2 adsorption/desorption isotherms at 77 K were carried out 
on an ASAP 2020 instrument to obtain textural parameters of 
the materials such as the surface area (Brunauer-Emmett-Teller, 
B.E.T. theory), pore width, and distribution (Barrett-Joyner-
Halenda, B.J.H. theory).[23] Before analysis, SBA-15 samples 
were heated at 110 °C at a rate of 1°C min−1 under vacuum for 
12 h, whereas functionalized samples were outgassed under the 
same conditions while heating at 80 °C.
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FT-IR analysis, to verify the presence of chloro-propyl group 
and TETA, was carried out with a Bruker Tensor 27 spectropho-
tometer equipped with a diamond-ATR accessory and a DTGS 
detector. A number of 128 scans at a resolution of 2 cm−1 were 
averaged in the spectral range 4000–400 cm−1. To quantify the 
functionalization percentage, Elemental Analysis (PerkinElmer 
Series II 2400) and Thermogravimetric Analysis—TGA (Perkin-
Elmer) were performed.

2.4. Potentiometric Measurements

Potentiometric titrations were performed in 0.1 m NaCl at 
298.1 ± 0.1 K using an automated Mettler Toledo titrator. The ther-
mostated glass-cell was equipped with a magnetic stirrer system, 
a Mettler Toledo glass electrode, a microburet delivery tube, and 
an inlet–outlet tube for Argon. The combined Mettler Toledo 
electrode was calibrated as a hydrogen-ion concentration probe 
by titrating previously standardized amounts of HCl with CO2-
free NaOH solutions and determining the equivalence point by 
Gran’s method,[24] which gave the standard potential, E°, and the 
ionic product of water (pKw = 13.74(1) in 0.1 m NaCl at 298.1 K).  
The computer program HYPERQUAD2013[25] was used to cal-
culate ligand (TETA or -OH) content (in mmol) in MMs mate-
rial, MMs-ligand protonation, and complex stability constants 
from potentiometric data. The potentiometric titrations were 
prepared from acidic to alkaline conditions (the studied pH 
range 2.5–11.0). Solutions at 0.1 m ionic strength in NaCl were 
titrated at 25.0 °C with 0.1 m NaOH. The activity of the species 
present in the solution was proportional to concentration, where 
the proportionality constant was the activity coefficient that 
brings the stoichiometric constant close to the thermodynamic 
constant. For this reason, the ionic strength was kept constant 
during experimental determinations of stability constants. Car-
bonate free sodium hydroxide solutions were prepared according 
to Albert and Serjeant.[26] An mV signal drift module was used 
to reach equilibrium after each base addition and obtain optimal 
accuracy of measurements. The metal concentration in ZnCl2 
and CuCl2 stock solutions in HCl was determined by EDTA titra-
tion. The MMs were stored at 50 °C and cooled in a desiccator to 
room temperature before being weighed (analytical weight scale, 
precision ±0.01 mg). The working MMs content was 2.5–2.7 mg 
in 20 mL of water. The total mmol of the ligand in the functional-
ized MMs was determined by the NaOH titration and metal com-
plex formation studies were performed at 2:1, 1:1, and 1:2 metal/
ligand molar ratios. Each measurement, both for ligand protona-
tion and metal-complex experiments, was repeated at least two 
times in order to verify the repeatability. The different titration 
curves were calculated as separated curves without significant 
variations in the values of the calculated stability constants. 
Finally, the sets of data were merged and treated simultane-
ously to give the final stability constants. Different equilibrium 
models for the complex systems were generated by eliminating 
and introducing different species. Only those models for which 
the HYPERQUAD program furnished a variance of the residuals 
σ2 ≤ 9 were considered acceptable. Such a condition was unam-
biguously met by a single model for each system.

The equilibrium concentrations of various species were 
computed by solving the system of mass balance equations 

constructed for each component (Equations (1)–(3) for a system 
containing three components: M, L, and H), and these mass 
balance equations were then solved iteratively for the concen-
trations of the free components.[27] In addition, it was neces-
sary to know the stoichiometry and overall/cumulative stability 
constants (β(MpLqHr)) of all associations (e.g., ligand species, 
LHr; metal complexes, MpLqHr; and metal hydrolysis products, 
MpHr; where p, q, and r are the stoichiometric numbers of the 
components in the given species) and the ionization constant 
of water (Kw). β(MpLqHr) was defined for the general equilib-
rium shown in Equation  (4), where M denotes the metal ion 
and L is the completely deprotonated ligand

∑ β= +
=

[M] [M] [L] [H]M 1
C pi pqri

n pi qi ry

 (1)

∑ β= +
=

[L] [M] [L] [H]L 1
C pi pqri

n pi qi ry

 
(2)

∑ β= +
=

[H] [M] [L] [H]H 1
C pi pqri

n pi qi ry

 (3)

β+ + ↔ =M L H M L H as (M L H ) [M L H ]/ [M] [L] [H]p q r p q r p q r p q r
p q r

 
(4)

2.4.1. HySS Software Theoretical Calculations

Various computer programs were developed to produce dis-
tribution diagrams for the species formed in solution, such as 
HySS.[25] Species distribution curves represented the percentages 
(or partial mole fractions) or equilibrium concentrations of the 
different chemical species present in a solution under given con-
ditions in a representative manner.[28] Concentration distribution 
curves were generally presented as a function of a single variable, 
such as pH, where the fixed values of the components (reagents) 
uniquely determined the molar ratios of the species formed.

The speciation distribution curves calculated for compounds 
containing dissociable protons represented the fractional con-
tribution of each protonated (LHr) and unprotonated (L) species 
in equilibrium, and thus the average number of protons bound 
and the actual charge of the ligand could be viewed as a func-
tion of the pH.

In these studies, HySS software[25] was used to calculate 
speciation plots of free ligand (Scheme 1, Figure 1), metal com-
plexes (Figure  2), and copper and zinc hydrolysis (Figure S3, 
Supporting Information) as a function of pH. The curves were 
calculated on the basis of proper constants: ligand protonation 
constants, ligand protonation constants and its metal complex 
formation constants, and metal hydrolysis constants, respec-
tively. The ligand and metal concentrations used for the calcula-
tions were the same as experimental data.

The theoretical competition studies were calculated on the 
base of SBA-TETA protonation constants (Table 1) and complex 
formation constants (Table 2). The speciation diagrams (Figure 4) 
were calculated with the ligand and metal concentrations used 
in experimental competition studies with inductively coupled 
plasma optical emission spectrometry (ICP-OES) analysis. More-
over, the free metal concentration was calculated at pH 4.

Adv. Mater. Interfaces 2020, 7, 2000544
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Figure 1. A–D) Transmission electron micrographs of SBA-TETA, E–H) SBA-TETA with copper ions, and I–N) SBA-TETA with zinc ions. TEM analysis 
highlights a well-structured mesoporous structure in all samples. Comparing their side views (A,B,E,F,I,L) and their top views (C,D,G,H,M,N) no 
evident structural differences are observed.

Scheme 1. Schematic representation of SBA-TETA material and metal coordination process by TETA ligand. [Images produced by KAUST scientific 
illustrators. This image is original and designed specifically for the targeted publication. It should not be cropped, distorted, or in any way edited without 
the expressed consent of Research Publication Services. Because KAUST owns the copyright of the original image, you may cause a copyright conflict 
between the journal and KAUST if you modify the illustration in any way before submitting it to the journal. Any other use of the image apart from 
your paper (e.g., in a presentation, poster, or website) should be accompanied by credits to the journal in which it is published and to the illustrator 
as follows: Xabier Pita/KAUST].
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The HySS program was also used to calculate the pM(etal) 
value for each studied ligand. The negative logarithm of the 
concentration of the free metal in solution, was calculated for 
total [ligand] = 10−5 m and total [metal] = 10−6 m in solution at 
proper pH (Table 3). For the sake of comparison with literature 
data, the pH of 7.4 was chosen for the pCu and pZn calcula-
tions. Moreover, pCu e pZn values for SBA-TETA in different 
pHs were calculated (Figure 3).

2.5. ICP-OES Competition Studies

The copper and zinc concentrations in aqueous solutions were 
analyzed by ICP-OES (Agilent 5100). The operational param-
eters were: RF power:1.2 kW. Plasma gas: 12 L min−1, Aux gas: 
1.0 L min−1, and nebulizer flow 0.7 L min−1. Emission lines 
(nm): Cu (327.395, 324.754, and 213.598) and Zn (213.857, 
202.548, and 206.200). No spectral interference was observed. 
The standard solutions: 0.5–50 ppm in 1% nitric acid were pre-
pared by the analytical dilution of standard zinc and copper 
solutions for linear calibration curve (R2 = 0.999).

A mass of 15  mg of SBA-TETA were incubated for 24 h in 
25 ºC with the copper and zinc 10 ppm solution and in the solu-
tion containing 10 ppm copper and 100 ppm zinc ions at pH 4. 
The process was stopped by filtration of the suspension, then 
the metal concentration in the solution was quantified through 
ICP-AES measurements.

2.6. Spectroscopies

SBA-15, SBA-NH2, and SBA-TETA (20 mg each) were dissolved 
in 0.123 m copper solution in water (pH = 2.8). After 24 h rota-
tion at room temperature, the solutions were centrifuged and 

lyophilized (Figure S4A, Supporting Information). In the next 
step, the samples were re-hydrated, centrifuged, and dried in 
the vacuum (Figure S4B, Supporting Information). Succes-
sively, the solid-state samples were analyzed by UV–vis.

SBA-TETA, (100  mg) were dissolved in 2  mL of ZnCl2 and 
CuCl2 solutions (0.88 m, pH 4, filtered 0.2 × 10–6 m) and rotated 
(15  rpm) for 24  h. Afterward, the solutions were centrifuged 
(14  000  rpm, 30  min) and dried under vacuum. The samples 
were studied by ssNMR and EPR, respectively.

2.6.1. Nuclear Magnetic Resonance

All NMR experiments were performed on Bruker 400  MHz 
AVANACIII NMR spectrometer at magnetic field strength of  
9.4 T with resonating 13C corresponding frequency of 
100.04  MHz. The spectrometer was equipped with 4  mm 
Bruker double resonance MAS probe (BrukerBioSpin, Rhein-
stetten, Germany). All 13C NMR spectra were recorded under 
the same conditions and parameters with 14 and 12 kHz spin-
ning rate using cross polarization CP pulse program.

The 13C signals were referenced to the methylene signal 
of adamantine at 37.78  ppm. Bruker Topspin 3.5pl7 software 
(Bruker BioSpin, Rheinstetten, Germany) was used for data 
collection and for data analysis.

2.6.2. EPR Spectroscopy

Bruker EMX PLUS spectrometer equipped with standard 
reso nator for high sensitivity CW-EPR (Bruker BioSpin, 
Rheinstetten, Germany) was used to record all EPR spectra.  
The operating frequency was set (9.384688 GHz) and the 
microwave power was set to 0.625  mW with 5 G modulation 
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Figure 2. Speciation plots relative to the protonation of SBA-TETA (left) and SBA-15 (right). Charges are omitted for simplicity.

Table 1. Protonation constants (log K) of SBA-TETA and SBA-15 at 25.0 °C and 0.1 m NaCl, in comparison with log K literature data[20] of free TETA.  
L refers to ligand: free TETA, TETA grafted on MMs material, -OH on SBA-15 material, respectively.

Specie TETA Specie SBA-TETA SBA-15

log β log K log β log K log β log K

(L)H 9.79(5) 9.79 (L)H 10.6(2) 10.6 10.0(1) 10.0

(L)H2 18.90(4) 9.11 [(L)H2]+ 20.7(1) 10.1

(L)H3 25.58(2) 6.68 [(L)H3]2+ 29.9(1) 9.2

(L)H4 28.86(2) 3.28 [(L)H4]3+ 38.1(1) 8.2

[(L)H5]4+ 43.8(2) 5.7
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amplitude and 100  kHz modulation frequency. Bruker Xenon 
software (Bruker BioSpin, Rheinstetten, Germany) was used to 
collect data and for post processing.

2.6.3. UV–Vis Spectroscopy

UV–vis spectra were recorded on Agilent CARY 60 spectropho-
tometer equipped with a photomultiplier tube detector. Spectra 
were collected in the wavelength range 200–900  nm with a 
band width of 5.0 nm and at rate of 200 nm min−1.

3. Results and Discussion

3.1. Physico–Chemical Characterizations

SBA-15 mesoporous silica was synthesized and then functional-
ized CPTMS and with TETA to obtain SBA-Cl and SBA-TETA 
(Scheme  1), respectively. The physico–chemical characteriza-
tions (SAXS, TEM, FTIR, N2 adsorption isotherms, TGA) of 
the obtained samples[21] are reported in Figure S1 and Table S1, 
Supporting Information.

Analysis of all SBA-TETA samples by TEM in bright field 
mode revealed the typical mesoporous structure that resulted 
mainly characterized by the presence of ordered pore channels 
(Figure  1). In side view (Figure  1A,B,E,F,I,L) they appeared as 
parallel channels in bright contrast, whereas the top views of the 
same samples (Figure  1C,D,G,H,M,N) highlighted the ordered 
hexagonal array of the pores. The above results point out that all 
examined samples (before and after Cu2+ and Zn2+ ions loading) 

share similar structure, being characterized by analogue hexag-
onal pore array and uniform pore size and no differences con-
cerning their mesoporous structure were observed.

4. Protonation and Metal Complex Equilibria

The stability constants determined in potentiometric titrations 
can be used in calculating distributions and concentrations of 
metal species even in complex systems containing many ligands 
and metal ions, such as biological fluids (e.g., blood serum or 
gastric juice) and environmental solutions (e.g., sea water or 
natural water).[29] Detailed discussions of chemical speciation in 
various biological fluids and tissues as well as examples of the 
application of various methods for determining the distribution 
of trace elements in biological systems are provided.[30]

The aims of our potentiometric studies are as follows: 
i) obtaining full descriptions of equilibria, including the 
distribution of the species in the equilibrium system and 
determining their characteristics, such as solution structures 
(binding modes) of the species that are in equilibrium with each 
other; and ii) using equilibrium descriptions of these systems 
in modeling calculations to determine the species distributions 
of the constituents in conditions where experimental measure-
ments cannot obtain data, for example, due to extremely low 
analytical/total concentrations.

SBA-TETA and SBA-15 were characterized through poten-
tiometric titrations. As shown in Scheme  1, TETA molecule 
has four amino groups and hence four protonation constants 
(Table 1). The first two constants, log K1 and log K2, are related 
to the protons bound to the two-terminal primary-amine groups 
(NH2), while log K3 and log K4 constants are related to the 
protonation of the two secondary amine groups (NH). Poten-
tiometric measurements of SBA-15 (Table 1) showed the pres-
ence of one protonation constant at pH 10.0 due to the dissocia-
tion of silanols (SiOH) into SiO−. A more acidic constant, not 
observed in our experiment, due to the protonation of SiOH 
into SiOH2

+, should occur at pH < 2.[31]

SBA-TETA has five protonation constants, which can be 
attributed to the four nitrogen atoms of TETA and to free 
Si-OH, which may still occur also after SBA-15 functionaliza-
tion. Indeed, the occurrence of free silanol groups in SBA-TETA 
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Table 2. Complex formation constants of TETA,[20] SBA-TETA, and SBA-15 with Cu2+ and Zn2+ at 25 °C, 0.1 m NaCl ionic strength, obtained from 
potentiometric data using the Hyperquad program. *Negative logarithm of the concentration of the free metal in solution, calculated for total 
[ligand] = 10−5 m and total [metal] = 10−6 m at pH 7.4. L refers to ligand: free TETA, TETA grafted on MMs material, -OH on SBA-15 material, respectively.

  TETA SBA-TETA SBA-15

Specie Cu Zn Cu Zn Cu Zn

log β log K log β log K log β log K log β log K log β log K log β log K

[MLH4]5+     46.08(8)   44.0(3)    

[MLH3]4+     42.0(1) 4.08 38.97(4) 5.03  

[MLH2]3+     37.19(8) 4.84 32.48(5) 6.49  

[MLH]2+ 23.4(1)   18.06(6)   30.8(1) 6.39 25.54(5) 6.94   −1.7(1)

[ML]+ 20.3(1) 3.1 12.24(3) 5.82 23.4(1) 7.4 17.77(5) 7.77 −5.80(7)  

[MLH-1]     2.90(6) 9.34            

pM* 17.1 8.4 16.1 10.8 7.5 6.0

Table 3. The comparison of theoretical (HySS) and experimental 
(ICP-AES) results of copper and zinc competition studies.

Metal ion
Experiment 1 Experiment 2

Cu [ppm] Zn [ppm] Cu [ppm] Zn [ppm]

Initial 10.00 10.00 10.00 100.00

Finala)
HySS 0.10 0.20 0.08 64.97

ICP-OES 0.01 1.20 3.20 81.70

a)After 24 h incubation at pH 4 and 25 ºC.
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was confirmed by the FTIR band at 960 cm-1 (Figure S2B, Sup-
porting Information). Hence, the highest protonation con-
stants of SBA-TETA could be assigned to SiOH dissociation 
(log K = 10.6) and the terminal nitrogen atoms of grafted TETA 
(log K  = 10.1; 9.2), respectively (Table  1). Analogously to free 
TETA, the remaining two protonation constants (log K  = 8.2; 
5.7) are assigned to the inner nitrogen atoms. By comparing log 
K values for free TETA and SBA-TETA a general shift toward 
higher pH is observed. This shift could be due to the pres-
ence of intramolecular hydrogen bonds, which makes proton 
dissociation more difficult for SBA-TETA compared to the free 
ligand.[32]

In a recent pioneering study the pKas of ionizable ligands 
immobilized on nanoparticles(NPs) were determined through 
potentiometry, and compared with theoretical calculation 
studies.[33] It was shown that apparent pKas of NP-immobilized 
ligands were significantly higher than those of the free ligands 
in solution. The apparent pKa increased with increasing both 
NPs and cation size, while decreased with increasing salt con-
centration (particularly for salt concentration <  0.05 m). Even 
for very low concentrations of NPs, the local environment of 
the acid groups determines, through a balance of chemical 
free energy, electrostatic, van der Waals, steric, and packing 
interactions, its protonation state. The degree of dissociation 
was affected by the restriction/immobilization of the COOH 
groups on the NPs surface and, possibly, by other factors such 
as NPs curvature.[33]

Figure  2 shows the speciation plot of SBA-TETA and 
SBA-15. At neutral pH SBA-TETA is positively charged 
([(MMs)H4]4+), while SBA-15 is not dissociated and remains 
uncharged.

The copper and zinc complexation by SBA-TETA and SBA-15 
was then investigated through potentiometry (Figure 3). Copper 
complexation starts at very low pH, since at pH 2 about 50% of 
Cu2+ ions are already bound to SBA-TETA (Figure 3A). The log 
K values of the formed complexes are lower than protonation 
constants of the free SBA-TETA (Table  2). This suggests the 
involvement of all dissociated groups in the metal coordination. 
Above pH 3, the protons of [Cu(SBA-TETA)H4]5+ complex disso-
ciates, and only at pH 9 all nitrogen atoms of TETA ligand are 
involved in metal chelation. Even at basic pH copper complexes 
with SBA-TETA remain stable.

The studies of metal complex formation with SBA-TETA 
were performed at 2:1, 1:1, and 1:2 metal:ligand molar ratios 
and the obtained results were analyzed with Hyperquad soft-
ware. Only 1:1 metal:ligand stoichiometry was formed (Table 2) 
and further confirmed by EPR studies.

HySS program allowed to calculate pM parameter (on the 
base of log β in Table 2). The higher the pM, the lower the con-
centration of free Mn+ in solution. Hence a high pM means a 
high stability of metal–ligand complexes. The pM value depends 
on the pH of the aqueous solution. Figure 4 shows that the pM 
of both Cu2+ and Zn2+ in the presence of SBA-TETA sharply 
increases already at pH 4 meaning that copper and zinc can be 
strongly adsorbed on that functionalized mesoporous silica.

Table 2 reports pM at pH 7.4 for SBA-TETA complexes with 
copper in comparison with the respective complexes with free 
TETA ligand. The pCu (=16.1) value for SBA-TETA complexes 
is slightly lower than the corresponding pCu value of Cu-TETA 
complexes (pCuTETA = 17.1). The lowering of pCu can be caused 
by the rigidity of the TETA ligand bound to the mesoporous 
material, which may make difficult obtaining planar copper 
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Figure 3. Speciation plots of A,B) SBA-TETA([TETA] = 1.00 × 10–4 m, [Cu2+] = 1.00 × 10–4 m, and [Zn2+] = 5 × 10–5 m) and C,D) SBA-15 ([-OH] = 1.00 × 10–3 m,  
[Cu2+] = 1.00 × 10–4 m, and [Zn2+] = 1 × 10–4 m) metal complexes calculated on the basis of stability constants reported in Table 3. Charges are omitted 
for simplicity.
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coordination, which is characteristic for free TETA chelate with 
copper ions.[34]

The stoichiometry of zinc complexes is the same of that of 
copper complexes (metal:ligand = 1:1), although the stability is 
slightly lower (Table  2). The [Zn(SBA-TETA)H4]5+ complexes 
start to form above pH 2 and to carry out proton dissociation at 
pH 4, where only about 50% of zinc ions are bound. The log K 
values of zinc complexes are lower than respective protonation 
constants of free ligand and it is likely that all ligand binding 
sites are involved in the zinc coordination. At the reference pH 
7.4, zinc complexes with SBA-TETA (pZn = 10.8) are more stable 
than those with free TETA (pZnTETA  =  8.4) and in equimolar 
ligand and metal solution 100% of zinc ions remain bound to 
SBA-TETA in the pH range 6–9 (Figure 3B). The coordination 
number and the geometry of zinc complexes depend only on 
ligand size and charge, while there are no ligand field stabiliza-
tion effects and nor constraints on complex geometry as in the 
case of copper complexes.[35] In most zinc complexes a slightly 
distorted tetrahedral coordination frequently occurs.[35] This 
enhances Lewis acidity of the metal center as well as the acidity 
of a coordinated water molecule.

In contrast to SBA-TETA, SBA-15 does not form stable com-
plexes neither with copper nor with zinc ions (Figure  2C,D). 
Only above pH 6, SBA-15 forms weak metal complexes with 
low stability constants (Table 2). This confirms the importance 
of TETA grafting on SBA-15 to obtain an effective adsorbent.

4.1. Comparison between the Potentiometric Data and the Data 
Obtained from the Adsorption Isotherm

In recent studies, the isotherms of copper and zinc ions were 
studied by means of ICP-OES. The adsorption pH  =  4 was 
chosen after the analysis of speciation diagrams of copper and 

zinc hydrolysis (Figure S2, Supporting Information), while at 
this pH there is no precipitation of copper and zinc hydrox-
ides. 15  mg of SBA-TETA were treated for 24  h at 25  ºC with 
10 mL solution containing growing concentration of metal ion. 
The obtained results showed that SBA-TETA adsorbs copper 
at a higher extent than zinc. Indeed, the maximal adsorbed 
amounts, are 23.9 and 13.6 mg g−1 for copper and zinc, 
respectively.[21] The maximal loading of copper on SBA-TETA 
is comparable to 29.1 mg g−1the value obtained by mean of 
potentiometric titrations (see Figure 3A; pH 4). The slight dis-
crepancy between the two values   can be attributed to a higher 
experimental error of ICP-OES respect to potentiometric meas-
urements. Indeed, the experimental method used before ICP 
measurements require an additional sample filtration step and 
do not permit a strict control of pH during metal adsorption 
process on SBA-TETA.

As far as zinc is concerned, potentiometric measurements 
(see Figure  3B; pH 4) show the maximum metal loading  
18.5 mg g −1. In this case the greatest discrepancy, in addition to 
the same probable reasons set out above for copper, may be due 
to the fact that the zinc complex is less stable and perhaps after 
a treatment period of 24 h, part of complexes hydrolyzes.

4.1.1. Competitive Adsorption of Cu2+ and Zn2+ on SBA-TETA

Theoretical speciation studies with HySS program[25] allow to 
evaluate the competition between two (or more) metal ions for 
ligand binding sites in solution. This approach was recently 
used to evaluate the competition between copper and zinc 
ions toward free TETA.[20] In this work, speciation studies, car-
ried out by means of HySS software,[25] were used to evaluate 
the free metal ion content in the solution after treatment with 
SBA-TETA (Table  3). The HySS software uses the protona-
tion constants (Table  1) and complexes formation constants 
(Table  2) of SBA-TETA with both copper and zinc ions but 
does not consider the formation of mixed SBA-TETA-Cu-Zn 
complexes. Cu2+ ions bind more preferably to SBA-TETA than 
and Zn2+ ions. The results were compared with ICP-AES 
experimental data in the same ligand and metals concentra-
tion conditions.

According to the theoretical competition studies with HySS 
program (see Section 2.4.1), SBA-TETA in the equimolar metal 
ion solution, can coordinate both metal ions (Figure  5A) and 
there are still free metal binding sites (free ligand: (SBA-TETA)
H5, (SBA-TETA)H4, and(SBA-TETA)H3, Figure 5A). In the same 
theoretical calculations with a ten times excess of zinc ions 
(Figure  5B) all metal binding sites are saturated above pH 4, 
and the excess of zinc forms Zn(OH)2 above pH 8. At pH 4 
the calculated free copper and zinc concentrations are 0.08 and 
64.97 ppm, respectively.

The theoretical calculations were compared with experi-
mental data. In the solution containing 10 ppm metal concen-
tration the remaining free copper content was 0.01 ppm (theo-
retical calculation 0.10 ppm), while zinc concentration was 1.20 
(theoretical calculation 0.2  ppm). In the solution containing a 
Zn:Cu = 10:1 concentration ratio, 3.2 ppm of copper (theoretical 
calculation 0.08 ppm) and 81.7 ppm (theoretical concentration 
64.97  ppm) of zinc ions remained unbound. The differences 
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Figure 4. Relationship between pMn+ of SBA-TETA and growing pH 
values.
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between theoretical and experimental data are likely due to the 
experimental errors of ICP-AES measurements (filtration of 
the samples, high LOQ) without pH control during experiment 
or due to the formation of mixed SBA-TETA-Cu-Zn complexes 
with different stability constants. Potentiometry is a highly pre-
cise technique and as shown in our studies, can be used for 
ligand grafting quantification as well as for the determination 
of surface charge. Next to the metal-complex stability constant 
data, potentiometry provides the maximum metal loading data. 
The greatest advantage of potentiometry is the lack of buffer 
solutions, which influence metal coordination studies by com-
petition with ligand for metal binding sites or/and formation of 
mixed metal-ligand-buffer complexes.[36]

The complex formation stability constants provide important 
data of complex stability and can be used for theoretical compe-
tition studies in biological systems (e.g., in human serum com-
petition with Human Serum Albumin), where experimental 

data are difficult to obtain. The SC-Database provides access 
to published stability constants for metal complexes of ≈9800 
ligands.[37] and deliver data for competition studies.

4.2. Spectroscopic Metal Complex Characterization

In order to investigate metal coordination sites (previously indi-
cated in the potentiometric studies) and geometry of the zinc 
and copper complexes, three distinct spectroscopic techniques 
were used.

4.2.1. Zinc Complex Characterization by ssNMR

NMR spectroscopy is a potent analytical tool for identifica-
tion of the chemical composition of a given sample.[38] In this 
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Figure 5. Theoretical competition studies between zinc and copper ions with SBA-TETA calculated with HySS program on the base of the proto-
nation constants (Table 2) and complex formation constants (log β) of SBA-TETA in Table 3: A) MMs functionalized with [TETA] =  7.24 ×  10–4 m, 
[Cu2+] = 1.57 × 10–4 m (10 ppm), and [Zn2+] = 1.53 × 10–4 m (10 ppm); B) MMs functionalized with [TETA] = 7.24 × 10–4 m, [Cu2+] = 1.57 × 10–4 m (10 ppm), 
and [Zn2+] = 1.53 × 10–3 m (100 ppm).
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study, we investigate the interaction between Zn2+ ions and 
SBA-TETA, using solid state 400  MHz NMR spectrometers. 
Figure 6 shows the NMR spectra of before and after Zn2+ ion 
adsorption. The figure shows clear shift mainly in the peak 

observed around 175 ppm proposing that the ion interaction is 
mainly through the nitrogen sites atoms.

4.2.2. Copper Complex Characterization by EPR

EPR known also as electron spin resonance is a potent tool 
to probe species with unpaired electrons such as the organic 
free radicals[15,39] and the paramagnetic transition metals.[40–42] 
EPR is an analog of NMR as it provides chemical and struc-
tural information by probing the electron spin rather than the 
nuclear spin. The existence of unpaired electrons is common 
as electrons usually paired forming diamagnetic molecules, 
making EPR superior for selective sites studies. For example 
one can study the specific binding site of macromolecules such 
as the heme group in hemoglobin and myoglobin offering a 
powerful tool to monitor only the active sites in the macro-
molecules.[42,43] Moreover, EPR can be used to screen reactions 
that involve paramagnetic reactive intermediates, elucidate 
the structure of paramagnetic inorganic molecules, and to 
determine the oxidation state of transition metal ions.[41,44] 
For example, copper can have different oxidation states such 
as Cu+ and Cu2+ where Cu+ is d10 system with no unpaired 
elector hence no EPR signal can be observed while Cu+2 is d9 
with one unpaired electron that can be detected by EPR spec-
troscopy. Moreover, EPR spectrum contains information about 
all interactions of the unpaired electron spin and the magnetic 
moments of nuclei spin in the vicinity of the electron spin.[41,45] 
Thus, EPR spectroscopy is widely used for structural elucida-
tion of inorganic copper complexes and copper enzymes in 
addition to confirm copper binding with biomolecules. In this 
study we employed x-band EPR spectroscopy to investigate 
copper interaction with SBA-TETA. Figure 7 shows the x-band 
EPR at 100 K of SBA-TETA after copper adsorption and the 

Figure 6. 13C solid state NMR spectra of SBA-TETA (red) before and after 
Zn2+ ion adsorption (blue).

Figure 7. CW EPR spectra of copper-SBA-TETA (blue) and free copper salt (red) recorded at 100 K.
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copper spectrum of used copper salt ions. The figure shows a 
clear difference between the free copper salts ions compared 
with the spectrum of copper-SBA-TETA providing an evidence 
of copper interaction with SBA-TETA. The results show sig-
nificant differences of both g-values and hyperfine coupling 
constant (AII) of the copper salt and Cu-SBA-TETA complex 
(Table  4). The results confirmed that SBA-TETA completely 
coordinated copper with without any remaining free copper 
traces.

In order to determine the composition of copper com-
plexes formed on the surface of SBA-TETA, we analyzed the 
EPR spectra of Cu and Cu/SBA-TETA system (Figure  7). This 
allowed us to obtain the spin Hamiltonian parameters g||, g┴, 
and A|| for the spectra of copper complexes and to compare 
them with reference spectra of free TETA with copper ions[46] 
(Table 4) found in literature.

The parameters of red line correspond to Cu(NO3)2 complex 
of copper and are consistent with the literature data, while blue 
line data refer to Cu/SBA-TETA sample obtained with an excess 
of copper ions (See Section 2.6). The estimated values (Table 4) 
and a comparison with published data allowed us to suggest 
that the complex formed on the surface of SBA-TETA has the 
composition Cu(TETA)Cl2, while polyamine complexes are not 
formed. The copper complex has distorted square planar con-
formation, due to the presence of silanol in the metal coordina-
tion core.

4.2.3. Copper Complex Characterization by UV–vis

The comparison of lyophilized samples with the same hydrated 
samples (and dried under vacuum, see Section 2.6) of SBA-15, 
SBA-NH2, and SBA-TETA (Figure S3, Supporting Information) 
shows clearly the presence of water molecule in the copper 
coordination shell of all studied samples.

The Cu/SBA-TETA sample has a blue color, Cu/SBA-NH2 
is green, while Cu/SBA-15 does not coordinate copper ions 
and has pale blue color of Cu(H2O)6

2+ complex (Figure S4, 
Supporting Information). The UV–vis spectra of Cu/TETA 
and Cu/SBA-TETA (Figure S4, Supporting Information) 
show clearly d-d transitions and confirm direct inclusion 
of copper ions in the amine complex. The λmax at 440  nm 
for Cu/TETA system can be attributed to a distorted square 
planar conformation. In the Cu/SBA-TETA system, the λmax 
is shifted to the longer wavelengths due to the presence of 
CuO bond and participation of silanol in metal coordina-
tion core.

5. Conclusions

SBA-TETA is a mesoporous material functionalized with TETA 
copper and zinc chelating agent. SBA-TETA joins versatility of 
mesoporous materials to load a large amount of cargo, environ-
mental-friendly, and bioavailability, with TETA high efficiency in 
metal coordination. Such a combination gives an efficient tool 
for medical diagnostic, theragnostic, or metal clearance, but 
before being used, SBA-TETA complexes and their water solu-
tion equilibria need to be described. Potentiometry technique 
was used for the first time for ligand content quantification 
in the SBA-TETA material and for the determination of metal 
complex formation constants. Moreover, metal complexes were 
characterized by EPR and ssNMR spectroscopy. The obtained 
data were compared with classical adsorption studies giving 
rewarding results. Potentiometry is a fast and economic tech-
nique, which can be used for water solution equilibria studies 
with metal ions and deliver stability data of the formed com-
plexes, which are necessary to establish possible competition 
reactions with human endogenous molecules and metal ions. 
In summary, potentiometric studies deliver more precise data of 
metal coordination studies respect to more popular techniques 
for the characterization of mesoporous materials and permit 
theoretical competition studies with other ligands in solution.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Table 4. EPR parameters of the free copper and copper complexes with SBA-TETA compared with the literature data.[46]

Assumed composition  
of the complex

Obtained EPR results Assumed composition  
of the complex

Literature EPR resultsa)

A|| ± 3,G g|| ± 0.0005 g|| ± 0.0005 A|| ± 3,G g|| ± 0.005 g|| ± 0.005

Cu(NO3)2 170 2.1778 2.1223 Cu(H2O)6
2+ 117 2.420 2.091

Cu-SBA-TETA 182 2.2306 2.0661 Cu(TETA)Cl2 184 2.200 2.072

Cu-SBA-(TETA)2Cl2 – – – Cu(TETA)2Cl2 164 2.201 2.070

a)Solution of Cu(NO3)2 in an ethanol–water mixture (1:1), solution of TETA and CuCl2 (2:1) in ethanol, solution of TETA and CuCl2 (4:1) in ethanol, respectively.
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Small angle X-ray scattering (SAXS) pattern, reporting the scattering intensity as a function of the 

scattering vector q (Å
-1

), of SBA-15, is typical of hexagonal phases with an intense peak relative to 

the reflections of the planes 100, and two less intense peaks due to 110 and 200 planes. The 

structural order is maintained after the functionalization, showing a value of the lattice parameter a, 

around 107-110 Å. N2 adsorption/desorption isotherms at 77 K, allowed to measure the surface area 

(SBET) which was 813 m
2
/g for SBA-15, and 373 m

2
/g for SBA-TETA. The mean pore diameter 

was 61.4 Å for SBA-15 and 51.4 Å for SBA-TETA. The specific surface area (SBET), pore volume 

(Vp) and the mean pore diameter (dp) values are reported in Table S1. Thermogravimetric analysis 

(TGA) of SBA-15, SBA-Cl and SBA-TETA samples confirm the successful functionalization of 

SBA-15 with TETA chelating agent. TGA also allowed to estimate the amount of TETA ligand 

grafted on SBA-15 which was 134 mg/g (Table S1). 

Fourier transform infrared spectroscopy (FTIR) confirmed the successful functionalization of SBA-

15 with CPTMS and TETA ligand
[1]

.
 
In particular, the band at 1650 cm

-1
 is assigned to -NH2 

bending). 

 

 

Figure S1. Characterization of SBA-15, SBA-Cl, and SBA-TETA mesoporous silica samples. A) 

SAXS patterns. B) N2-adsorption/desorption isotherms. C) Pore size distribution calculated (BJH 

method) from the desorption branch. D) FTIR spectra. E) Thermogravimetric analysis. 
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Table S1. Structural and textural data of the synthesized samples.  

Sample 
a
SBET (m

2
/g) 

b
Vp (cm

3
/g) 

c
dp (Å) 

d
a (Å) 

e
Δm (%) 

< 200 °C 

f
Δm (%) 

>200 °C
 

g
L(mg/g)

 

SBA-15 813.40 1.007 61.4 108 ± 4 4.5 5.0 - 

SBA-Cl 667.14 0.937 57.8 110 ± 5 2.8 18.5 135 

SBA-TETA 373.15 0.597 51.4 107 ± 3 2.9 31.9 134 (124*) 

a
Surface area calculated by the BET method. 

b
Pore volume from the desorption branch calculated at 

p/p°=0.99 by BJH method. 
c
Pore diameter from the desorption branch calculated by BJH method. 

d
Lattice 

parameter obtained by SAXS a = d ∙ 2/(3)
0,5

 ∙ (h
2
 + k

2
 + hk)

0.5
; *data obtained by potentiometric 

titration. 

 

Potentiometric titrations also allowed the determination of TETA loading, that is the amount (mg) 

of TETA grafted per g of SBA-15. Considering 0.002 mmol of TETA (MW=146.23 g/mol) grafted 

on 2.4 mg SBA-TETA a TETA loading of 124 mg/g was obtained. This value is consistent with that 

obtained by TGA (134 mg/g, see Table 1). Moreover, the obtained TETA loadings corresponds to 

5.13 % (from TGA) and 4.76 % (g/g) (from potentiometric titration) of nitrogen, which can be 

compared with 4.9 % (g/g) obtained through elemental analysis data (see Table S1).  
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Tabele S2 Valori di pKa degli ioni ammonio derivanti dal TETA (25 °C). Tra parentesi i valori di 

incertezza sull’ultima cifra.  

 

Reazione pKa  

TETA-H4
4+⇄TETA-H3

3+
 + H

+ 3,28(2)  

TETA-H3
3+⇄TETA-H2

2+
 + H

+
 6,28(2)  

TETA-H2
2+ ⇄ TETA-H

+
 + H

+
 9,11(4)  

TETA-H
+ ⇄TETA + H

+ 
 9,79(5)  
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Table S3. Mass percentages of C, H and N in synthesized mesoporous siliceous samples. 

Sample % C 

(mass) 

% C 

(mol) 

% H 

(mass) 

% H 

(mol) 

% N 

(mass) 

% N 

(mol) 

C:Nratio
a
 

SBA-15 0.38 0.0316 0.47 0.466 - - - 

SBA-TETA 12.04 1.002 1.07 1.062 4.90 0.350 2.9:1 (2.25:1) 
a
% molar ratio between C and N. In brackets the theoretical mol ratio. 

 

Table S3 shows the percentages in mass (% g element / material) and in moles (% mol element / g 

material) of the elements C, H and N in the synthesized materials. 

In the aminopropyl group of SBA-Cl, the theoretical ratio C: N is 3: 1 and the ratio actually 

measured is 3.2: 1 (0.366: 0.116, very close to the theoretical one). In the 

triethylenetetraminopropyl group present in the SBA-TETA (obtained from SBA-Cl), the ratio C: N 

is 9: 4 (i.e. 2.25: 1) and that actually measured is ≈ 2.9 : 1 (1.002: 0.350, slightly close to the 

theoretical one). It can be concluded that the molar ratio between C and N has essentially been 

maintained. This is proof of the success of the grafting of these groups during the functionalization 

process. The quantity of SBA-TETA subjected to elemental analysis was 2.8 mg. The molar ratio 

between N and the TETA group is 4: 1, therefore considering the% in moles of N (0.350), in 2.8 mg 

of material the% in moles of TETA is equal to 0.0875. By a simple calculation: 

0.0875 molTETA: 100 g = x molTETA: 0.0028 g, from which x = 2.45 ∙ 10-6 molTETA (2.45 ∙ 10-3 

mmolTETA) 

From this analysis the amount of TETA in the sample is equal to 0.875 mmol / g, or 128 mg / g, 

considering the molen mass of the TETA equal to 146.235 mg / mmol. 

Hydrogen occursboth in the functionalizing groups and in the silanols that have not reacted and its 

percentage has not been considered in the previous calculations.In theory, the sample of SBA-15, 

whose structure is only siliceous (consisting only of Si, O and H), should not contain C; the small 

percentage of this element is substantially likely due to possible traces of the surfactant used as 

templating agent not perfectly removed from the material during the calcination. 
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Figure S2. Speciation plots of copper and zinc ions hydrolysis in water. The constants for the Zn
2+

 

and Cu
2+

 hydroxides at 25 °C and 0.1 M ionic strength, taken from Baes and Mesmer [Baes Jr, C.; 

Mesmer, R., The Hydrolysis of Cations. RE Krieger, Malabar, Wiley, New York, 1976, 1986.]. 

Charges are omitted for simplicity. 
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A  B  

Figure S3. A) Lyophilized materials of (from left to right): SBA-15, SBA-NH2 and SBA-TETA; 

B) Re-hydrated materials of (from left to right): SBA-TETA, SBA-NH2 and SBA-15. 
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TETA

TETA

 

Figure S4. UV-Vis reflectance spectra of copper complexes with SBA-15, SBA-NH2 and SBA-

TETA, compared with complex of copper with free TETA ligand.  
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Abstract 

Silica-based mesoporous materials have received growing attention in the metal recovery from 

industrial processes, although in general, the adsorption of metal ions by silanols is rather poor. 

Nevertheless, a great improvement of metal ions removal form aqueous solutions can be achieved by 

grafting metal-chelators on the particles’ surface. Combining metal-chelating properties of organic 

ligands, with high surface area of mesoporous silica particles make these hybrid nanostructured 

materials a new horizon in metal recovery, sensing and controlled storage of metal ions in industrial 

and mining processes. Here, 2,8-dithia-5-aza-2,6-pyridinophane (L) macrocycle was grafted on SBA-

15 mesoporous silica to obtain SBA-L mesoporous adsorbent for the removal of Cd2+ and Cu2+ ions 

from aqueous solution in a broad pH range (4-11). By grafting about 0.3 mmol/g of L on SBA-15 a 

maximum loading capacity of 20.9 mg/g and 31.8 mg/g was obtained for Cu2+ and Cd2+, respectively. 

The adsorption kinetics can be described with the pseudo-second order model while the adsorption 

isotherm (298 K) follows the Langmuir model. The latter, together with potentiometric studies 

suggested that the adsorption mechanism is based on metal chelation by the grafted macrocycle. 

Finally, an almost complete metal recovery can be achieved at pH 1. 
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1. Introduction 

Heavy metals and their ionic forms can be toxic for the environment and living organisms even at 

very low concentrations[1]. For this reason, their uncontrolled release in the soil or surface waters should 

be avoided.  

Industry and mining are the main sources of metal contamination, particularly of water-soluble 

metal ions. Once in water metal ions can be easily assumed by living organisms, thus interfering with 

their biological processes. Moreover, the accumulation in the human organism of heavy metal ions 

has been recognized as the source of several diseases[2]. The expansion of new metal-based 

technologies, for instance electronics for Information Technology (IT), mining and processing of 

metal ions worldwide[3], is increasing the risks deriving from heavy metal pollution. In addition, the 

rapid development of industrial processes gives rise to the obtainment of new types of contaminating 

wastes for which conventional purification treatments (such as coagulation, precipitation, filtration, 

and others) are not effective. In order to limit and possibly invert this negative trend, new fast, 

effective, and economic methods for metal ions removal from the environment are needed. Moreover, 

once recovered, metal ions can be reused according to the principles of the circular economy[4]. Over 

the years, several materials have been considered for metal ions recovery[5]. In particular, ordered 

mesoporous silicas (OMS) have high surface areas, tuneable pore sizes, low toxicity and can be easily 

functionalized. Among several applications in the field of heterogeneous catalysis[6] and 

biocatalysis[7], functionalized OMS have been used as adsorbents for the effective removal of 

numerous organic pollutants[8] as well as metal ions[9].  

Grafting metal-chelating ligands on OMS surface is a promising way in obtaining effective metal 

ion adsorbents[10, 11], with the possibility of metal recovery by changing the system conditions (e.g. 

pH, solvent, temperature, etc.). Moreover, functional OMS are a new frontier in selective metal 

sensing, and some examples of effective silica-modified electrodes for electrochemical detection of 

organic pollutants and metal ions have been recently reported[12]. 
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Among hundreds of known metal-chelating molecules, macrocycle ligands are particularly 

interesting due to their ability to bind alkaline earth, transition (particularly heavy) metals both in 

water and organic solvents on changing their molecular structure and nature of donor atoms[13, 14]. 

The ligand-metal binding property is mainly provided by the presence of electron-donor atoms with 

appropriate soft-hard properties, while metal selectivity can be modulated by the macrocycle ring size 

and conformation properties[13]. Aromatic rings, often introduced into a macrocycle to provide a 

structurally rigid moiety, are important factors for the coordination chemistry of azacrown 

compounds, especially with small-size polyamines[15]. For instance, Blake et al.[16] studied 

extensively the coordination properties towards the “borderline” and “soft” metal ions Cu2+, Zn2+, 

Cd2+, Hg2+, and Pb2+, of the pyridine based, N2S2-donating 12-membered macrocycle 2,8-dithia-5-

aza-2,6-pyridinophane (hereafter referred also as L). Their results showed that 1:1 complexes with 

Cu2+ and Hg2+ are the most stable, while at the same time L displays a higher binding ability for Cd2+ 

and Pb2+ with respect to Zn2+, due to the presence of the soft S-donors.  

 

Scheme 1. Schematic representation of 2,8-dithia-5-aza-2,6-pyridinophane (L) ligand grafting on SBA-15 mesoporous 

material. CPTMS=(3-chloropropyl)trimethoxysilane, 

 

Here the macrocycle L was grafted on SBA-15 to give SBA-L adsorbent according to Scheme 1. 

The aim of this work was to exploit the ligand-metal chelating property to create an innovative and 
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reusable adsorbent for the effective metal ions removal from aqueous solutions. The chelating ability 

of SBA-L toward Cu2+ and Cd2+ was determined by means of potentiometric studies, as well as by 

determining the adsorption kinetics and isotherms. In addition, we present the best conditions for the 

full recovery of these metal ions from the SBA-L mesoporous adsorbent. 

 

2. Experimental Section 

2.1. Chemicals 

Pluronic copolymer P123 (EO20PO70EO20) tetraethylorthosilicate, TEOS (≥99%); (3-

chloropropyl)trimethoxysilane, CPTMS (≥97%); copper(II) chloride dihydrate, CuCl2∙2H2O 

(≥99.0%), cadmium(II) chloride CdCl2 (≥99.0%), toluene (≥99.7%), dimethylformamide (DMF, 

≥99.9%), Anhydrous Acetaldehyde (>99%), Diethyl ether (99.8%), ethanol (99.8%), acetone (≥99%), 

HCl (37%), NaCl, NaOH pellets, ammonium, oxalyldihydrazide (>98%) were purchased from 

Sigma-Aldrich (Milano, Italy). Diethyl ether (99.8%), and ethanol (99.8%) were purchased from 

Honeywell. Acetonitrile (MeCN) was distilled over CaH2. Copper and Cadmium stock Normex 

solutions (1000 ppm in HNO3 2% m/m) were Carlo Erba products.  

A previously described method was used in the preparation of 0.1 M carbonate free KOH solution[17]. 

L and SBA-L solutions were acidified with stoichiometric equivalents of HCl. Metal solutions were 

prepared by dissolving the required amount of metal salt in pure double distilled water, to which a 

stoichiometric amount of HCl was previously added to prevent hydrolysis. These solutions were 

standardized by the complexometric method with EDTA and proper indicators. 

 

2.2. Synthesis of L, SBA-15 and SBA-L 

2,8-dithia-5-aza-2,6-pyridinophane (L) was prepared according to the previously described 

procedure[16]. The synthesis of SBA-15 mesoporous silica and its functionalization with (3-

chloropropyl)trimethoxysilane (CPTMS)  were performed according to our previous work[18]. Then, 
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a mass of 100 mg of SBA-Cl was dispersed in 25 mL of anhydrous acetonitrile, with 93 mg of K2CO3 

and 40 mg of L. The resulting suspension was kept under stirring at 90°C for 48h under nitrogen 

atmosphere. SBA-L was collected by filtration, washed with acetonitrile, dichloromethane and water, 

and dried under vacuum overnight. The liquid phase was treated to recover the unreacted L. 

   

2.3. Physico–Chemical Characterizations  

The structural characterization of SBA-15 was performed by small-angle X-rays scattering (SAXS) 

and Transmission Electron Microscopy (TEM) analysis. SAXS patterns were recorded with a S3-

MICRO SWAX camera system (Hecus X-ray System, Graz, Austria). CuKα radiation of wavelength 

1.542Å was provided by a Genix X-ray generator, operating at 30 kV and 0.4 mA. TEM analysis of 

was performed with a Jeol JEM 1400 Plus, operating at 120 kV. The textural parameters of the 

materials such as the surface area (Brunauer-Emmett-Teller, B.E.T.), pore size distribution (Barrett-

Joyner-Halenda, B.J.H.) were determined by N2 adsorption/desorption isotherms at 77 K carried out 

on an ASAP 2020 instrument. FTIR spectroscopy was carried out through a Bruker Tensor 27 

spectrophotometer equipped with a diamond-ATR accessory and a DTGS detector. A number of 128 

scans with a resolution of 2 cm−1 were averaged in the spectral range 4000 cm−1 – 400cm−1. 

Thermogravimetric Analysis (TGA) using a STA6000 - Perkin Elmer in the 25–850°C range, under 

oxygen flow (heating rate =10°C/min; flow rate=40 mL min−1).  

 

2.4. Quantitative analysis of Cd2+ and Cu2+ concentrations in water 

Cd2+ concentrations in aqueous solutions were analysed by inductively coupled plasma optical 

emission spectroscopy (ICP-OES). The operational parameters were as follows: RF Power: 1.2 kW. 

Plasma gas: 12 L min−1, Aux gas: 1.0 L min−1, Nebulizer flow 0.7 L min−1. Emission lines (nm): Cd 

(214.439, 226.502 and 228.802). Ar (419.832 and 737.212) was used as internal standard. No spectral 
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interference was observed. The standard solutions ranging from 0.01 to 300 mg/L in 1% nitric acid 

were prepared by the analytical dilution of Normex standard cadmium solutions. LOD was 

determined at 0.05 mg/L. Cu2+ concentrations in aqueous solutions were analysed through a 

colorimetric method[19]. Briefly, the coloured adduct of Cu2+ with oxalyldihydrazide was formed at 

pH 9 upon mixing Cu2+ solution with citric acid, ammonium hydroxide, acetaldehyde and 

oxalyldihydrazide. The absorbance of the solutions was measured at 540 nm after 30 min incubation 

in the dark.  

2.5. Determination of adsorption kinetics and isotherms 

The adsorption kinetics of Cu2+ or Cd2+ on SBA-L were carried out by suspending 15 mg of 

mesoporous adsorbent in 10 mL of 5 mg L-1 (for copper) and 3.5 mg L-1 (for cadmium) of metal 

solution for time intervals ranging from 2 min to 24 h at pH 5 (for copper solutions) and pH 7 (for 

cadmium solutions). All samples were kept under rotation (22 rpm) at 298 K. The process was then 

stopped, and the solution was filtered through Ø 0.2 μm syringe cellulose filter (Minisart Syringe 

Filter). For the isotherm studies, mesoporous materials were treated with metal ion solutions of 

variable concentration, ranging from 0.5 to 300 mg L-1; the reactions were stopped after 5h. The 

residual copper and cadmium concentrations in the water solution after adsorption on SBA-L were 

quantified by Vis-spectrometry (upon colorimetric method) and ICP-OES, respectively. Each 

experiment was carried out at least in triplicate. 

The adsorption kinetics was quantified by measuring the decrease of metal ion (either copper or 

cadmium) concentration in the adsorbing solution, at given times. The adsorption isotherms were 

determined by plotting the adsorbed amount qt of Cu2+ and Cd2+ (mg g-1) versus the equilibrium 

concentration Ceq of Cu2+ and Cd2+ (mg L-1) in the adsorbing solution. The kinetic and isotherm 

experimental data were fitted through three different isotherm and kinetic models described 

previously[18]. 
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2.6. Potentiometric and spectrophotometric measurements 

Protonation and complex-formation equilibrium studies were carried out in 0.1 M NaCl at 298.1 ± 

0.1 K using an automatic Metrohm titrator under the same conditions previously described[10]. The 

OMS (SBA-15 and SBA-L) samples were stored at 50 °C and cooled in a desiccator to room 

temperature before being weighed (analytical weight scale, precision ±0.01 mg). The working OMS 

content was 3.0–3.1 mg in 20 mL of water. The total mmol of the ligand in SBA-L was determined 

by the NaOH titration. The operating ligand concentration was 3.7 × 10−4 (free L) and 4.5 × 10−5 (for 

L grafted on SBA-15; SBA-L). The studies of complex formation were carried using constant ligand 

concentration, and 1:1, 1:2, and 1:5 metal/ligand molar ratios. Each measurement, both for ligand 

protonation and metal-complex experiments, was repeated at least three times to verify the 

repeatability. Protonation and complex formation data were analysed using the Hyperquad and Hyss 

software[20]. 

The UV-Vis measurements were carried with Varian Cary 60 spectrophotometer. The pH combined 

glass electrode was daily calibrated with buffer solutions (pH 4.00, pH 7.00, pH 9.00 Mettler Toledo). 

 

3. Results and Discussion 

3.1. Physico–Chemical Characterizations 

The structural characterization of SBA-15 was carried out by using a transmission electron 

microscopy (TEM) and a small angle X-rays scattering (SAXS) analyses. TEM images in Figure 1 

clearly show the presence of parallel channels forming a hexagonal array of pores.  The SAXS plot 

in Figure 2A has the typical pattern of hexagonal phases. It consists of an intense peak relative to the 

reflections of the planes 10, and two less intense peaks due to planes 11 and 20, with a resulting lattice 

parameter of 116.8 Å (Table 1).  
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Figure 1. TEM analysis micrographs of SBA-15. Bar = 50 nm, 100 nm and 200 nm. 

The textural characterization of the samples was carried out through N2 adsorption/desorption 

isotherms at 77 K (Figure 2B) resulting in a surface area of 692 m2/g (Table 1). A hysteresis cycle 

due to the capillary condensation confirms the mesoporosity of the SBA-15 sample. The pore size 

distribution obtained by applying the BJH method[21] to the desorption branch of the isotherm has a 

maximum at 66 Å (Table 1).  

Table 1. Characterization of SBA-15 mesoporous silica. 

Sample aSBET (m2/g) bdp (Å) ca (Å) 

SBA-15 692 66 116.8 

aSurface area calculated by the BET method; bPore diameter calculated by applying the BJH method to the 

isotherm desorption branch; cLattice parameter obtained by SAXS a = d·2/(3)0.5·(h2+k2+hk)0.5 
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Figure 2. Characterization of SBA-15 mesoporous silica. A) SAXS patterns. B) N2-adsorption/desorption 

isotherms. C) Pore size distribution calculated through the BJH method from the desorption branch.  

 

Thermogravimetric analysis (TGA) was used to characterize the functionalized SBA-15 (Figure 3). 

The mass loss (%) in function of the temperature (°C) of SBA-15, SBA-Cl (19 %) and SBA-L (26 

%) samples confirm the successful functionalization of SBA-15 with both CPTMS and L macrocycle 

(Figure 3). TGA also allowed to estimate the amount of L ligand grafted on SBA-15 which was 70 

mg/g (Table 2). 

 

Figure 3. Thermal analysis of SBA-15, SBA-Cl and SBA-L. 

 

Table 2. Characterization of original and functionalized SBA-15 samples. 

Sample Mass loss % Loading (mg/g) Loading (mol/g) 

SBA-15 6 -  

SBA-Cl 19 130 1.68·10-3 
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SBA-L 26 70 0.291·10-3 

 

3.2 Adsorption kinetics and isotherms 

The adsorption kinetics of Cu2+ and Cd2+ ions on SBA-L from aqueous solution was then studied. 

The pH of adsorption kinetics and isotherms was chosen on the basis of metal hydrolysis speciation 

plots[22] and metal-complex formation stability constants on the SBA-L surface (discussed in section 

3.2.2.). It was essential to work at pH where the metal-complex formation is at 100%, and at the same 

time there is neither metal hydrolysis nor precipitation. For these reasons, Cu2+ adsorption was carried 

out at pH = 5 where the species [Cu(SBA(SiO)(L))]+ is prevalent (see section 3.3.2.), while pH = 7 

was chosen for Cd2+ where the [Cd(SBA(SiO)(L))]+ species is predominant (see section 3.3.2.).  

Figure 4A shows the adsorption kinetics of Cu2+ and Cd2+ on SBA-L. The adsorbed amount (qt) 

increases when the contact time (t) increases, until a constant value (qe) corresponding to the 

adsorption equilibrium is reached. It can be observed that for both cations, the adsorption equilibrium 

is reached after about 30 min. Under these conditions, the qe of Cu2+ on SBA-L was 24 mg/g (2·10-4 

mol/g), while that of Cd2+ was qe = 3.5 mg/g (5.5·10-5 mol/g). Three different kinetic models (namely, 

pseudo-first order, pseudo-second order, and intraparticle diffusion model) were tested as shown in 

Figure 4B-D. The fitting of the experimental data using the pseudo-first order gave low correlation 

coefficients (Table 3), thus, suggesting the inadequacy of this model to describe both Cu2+ and Cd2+ 

adsorption on SBA-L. On the contrary, the pseudo-second order model resulted in a very good fitting, 

as demonstrated by the high correlation coefficients (R2 > 0.99). The values of qe calculated from 

pseudo-second order model are 3.57 mg/g for Cu2+ and 23.8 mg/g for Cd2+. The good fitting of the 

pseudo-second order model to the adsorption data suggests that the adsorption of the metal ions on 

the adsorbent sites is the rate determining step[23]. The fit of the intraparticle diffusion model (Figure 

4D) is of lower quality than that of the pseudo-second order model, thus supporting the goodness of 

the latter which gives the best description of the kinetic data. 
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Figure 4. Adsorption kinetics of Cu2+ (black) and Cd2+ (red) on SBA-L. A) Adsorbed amount qt versus time. B) Pseudo-

first order model; C) Pseudo-second order model; D) Intraparticle diffusion model. For Cu2+ kinetics studies: Initial metal 

ion concentration = 5 ppm; pH = 4; stirring speed = 22 rpm; T = 298 K. For Cd2+ kinetics studies: Initial metal ion 

concentration = 3.5 ppm; pH = 7; stirring speed = 22 rpm; T = 298 K.  

Table 3. Comparison among kinetic models for Cu2+ and Cd2+ adsorption on SBA-L. 

 
aPseudo First Order bPseudo Second Order cIntraparticle Diffusion 

Ion 

k' 

(1/min) 

qe cal  

(mg/g) 

R2 

k'' 

(g/mg·min) 

qe cal 

(mg/g) 

R2 

ki  

(g·mg-1min-0,5 

xi  

(mg/g) 

R2 

Cu2+ 5·10-4 22.28 0.2874 0.06 3.57 0.9927 0.81 -0.362 0.8297 

       0.38 1.52 0.9688 

       -0.03 3.82 0.9441 

Cd2+ 1·10-2 3.61 0.3464 0.16 23.81 0.9996 6.39 0.71 0.9591 

       2.22 12.62 0.8888 

       -0.11 25.36 0.9322 

aPseudo-First Order linearized equation[24]: ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘′𝑡; where k' is the pseudo-first order constant; 

bPseudo-Second Order linearized equation[24]    
𝑡

𝑞𝑡
=

1

𝑘′′∙𝑞𝑒
2 +

𝑡

𝑞𝑒
; where k'' is the pseudo-second order constant; 

cIntraparticle diffusion model linearized equation[24]   𝑞𝑡 = 𝑘𝑖 ∙ 𝑡0.5 + 𝑥𝑖; where ki is the intraparticle diffusion constant. 

 

The adsorption isotherms (Figure 5) show that the maximum adsorbed amount of metal ions, 

corresponding to the plateaus, are 20.9 mg/g (0.329 mmol/g) for Cu2+ and 31.8 mg/g (0.284 mmol/g) 

for Cd2+ (Table 4). The shape of the isotherms is consistent with Langmuir model which considers 

the formation of a monolayer of adsorbate on the adsorbent’s surface. This is consistent with the 
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formation of a metal/L complex at 1:1 molar ratio (L concentration in SBA-L is equal to 0.291 mmol/g 

and corresponds to 70 mg/g found by TGA analysis).  

The Gibbs Energy (ΔG0) for the adsorption process (Table 4) was calculated according to the 

equitation: ∆𝐺0 = −𝑅𝑇𝑙𝑛𝐾𝑒
0, where R is the universal gas constant (8.314 J·K-1·mol-1), T is the 

absolute temperature (298 K) and Ke
0 is the thermodynamic equilibrium constant, calculated by 

means of the equation[25]:  

𝐾𝑒
0 =

𝐾𝐿 ∙ 1000 ∙ 𝑀𝑀𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 ∙ [𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒]0

𝛾
 

where KL is the Langumir constant (L/mg), MMAdsorbate is the molar mass of the adsorbate (g/mol), 

[Adsorbate]0 is the standard concentration of the adsorbate (1 mol/L) and γ is the activity coefficient 

(dimensionless)[25]. As reported in Table 4, the ΔG0 was negative for both adsorption processes, more 

precisely -25.5 kJ/mol and -33.7 kJ/mol for Cu2+ and Cd2+, respectively. These data confirm the 

spontaneous nature of the adsorption process. 

 

 

Figure 5. Adsorption isotherm of Cu2+ and Cd2+ on SBA-L A). Adsorption data were fitted using linearized Langmuir 

isotherms B). Adsorption experiments were carried out for 24 h at pH=4 (for copper) and pH=7 (for cadmium) and T=298 

K. 

Table 4. Langmuir adsorption isotherm parameters for Cu2+ and Cd2+ on SBA-L. 
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Ion pH 

Langmuir 

aKL (L/mg) bqM (mg/g) qM (mmol/g) R2 Ke° ΔG° (kJ/mol) 

Cu2+ 5.0 0.468 20.9    0.329 0.999 2.97×104 -25.5 

Cd2+ 7.0 7.16 31.8 0.284 1 8.05×105 -33.7 

aLangmuir constant and bmaximum monolayer coverage capacity obtained by the linearized form of the Langmuir 

isotherm model equation 
𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿∙𝑞𝑀
+

1

𝑞𝑀
𝐶𝑒. [26] 

 

3.3 Protonation and metal-complex equilibria 

The stability in aqueous solutions, the equilibrium formation constant, solubility and other properties 

of macrocycle-metal ion complexes depend on different factors, namely the nature of the metal ion, 

the structure of the ligand and the composition of the complex. The most important metal ion-related 

factors are the oxidation state, the ion size, the electron shell structure and coordination requirements. 

Factors related to the ligand are the flexibility, the charge, the nature and number of donor sites, and 

the molecular structure[13]. The combination of all these factors make difficult the exact prediction of 

the ligand/metal complex-stability; however, numerous literature experimental data show some local 

trends[27]. Generally, aliphatic azamacrocycles form stable and inert complexes (i.e., complexes that 

decompose slowly under the action of external factors or competing ligands) with metal ions even in 

very acidic solutions. Nevertheless, the practical application of the complexes is limited by low 

complexation kinetics[13].  

The stability of metal/aliphatic ligands complexes is strongly influenced by the entropy. Free, 

aliphatic macrocyclic ligands are present in the solutions as a mixture of several conformers in 

dynamic equilibrium, because of metal-complex formation they lose some of their degrees of freedom 

and the entropy decreases. Importantly, the total entropy (system and environment) increases due to 

the release of water molecules from the metal ion-hydration shell. Conversely, structurally rigid 

macrocyclic ligands retain a conformation in the metal complex similar to that they possess as free 
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ligand, therefore the entropy of the system increases upon complexation less than in the case of 

aliphatic systems, which is thermodynamically more favourable[27]. In addition, the rigid 

macrocycles’ structure can impose a particular coordination geometry to the metal centre, while open-

chain chelators are more easily adjusted to the coordination characteristics of the metal centre[28]. For 

this reason, an increase in the ligand rigidity could increase the binding selectivity toward specific 

cations[29]. 

In previous studies, Blake et al.[16] presented L ligand coordination mode and complex stability with 

Cu2+, Zn2+, Cd2+, Hg2+, and Pb2+ ions investigated by the means of potentiometry (water solution, I = 

0.1M NMe4NO3, [L] = 1.0×10-3 M) and single crystal structure. Metal complexation of L in aqueous 

solution generally occurs at acidic pH values to give [ML]2+ species and it is followed by the 

formation of hydroxo- complexes [ML(OH)]+ at alkaline pHs. In case of Zn2+, Cd2+, Hg2+ and Pb2+ 

hydroxo-complexes the precipitation occurs at slightly alkaline pHs and unable the potentiometric 

studies. The stability of the formed complexes increases in the order Zn2+ < Pb2+ < Cd2+ < Cu2+ < 

Hg2+. Noteworthily, Cu2+ and Hg2+ complexes have higher stability compared to complexes with 

other known polyamine ligands. The lowest stability of the Zn2+ complexes (which normally is similar 

to the Cd2+ and Pb2+ complexes with polyamine) could be explained by the presence of the soft S-

donors, within the macrocyclic framework. In agreement with a general N > S donor affinity trend 

for the studied metal ions, and with a better binding ability of a pyridine nitrogen toward transition 

and post-transition divalent cations, the L ligand forms less stable complexes than its structural 

analogue containing only N-donors in the aliphatic portion of the ring[30], and more stable complexes 

than [12]aneNS2O (1-aza-4,10-dithia-7-oxacyclododecane)[31].  

The aim of our studies was the determination of metal/ligand complex stoichiometry, metal binding 

sites and complex formation constants for the ligand grafted on the surface of SBA-L mesoporous 

material. To compare the metal/free ligand complex formation with the metal complexes formed on 

the surface of L-grafted mesoporous material, we performed potentiometric titrations of free and 
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grafted L ligand with metal ions under the same experimental conditions. As compared to previously 

published data by Blake et al.[16], we used lower ligand and metal concentrations in order to avoid 

precipitation of hydroxo-complexes. Moreover, we used UV-Vis spectroscopy to determine metal 

binding sites in water solution on changing pH conditions. Finally, FTIR spectroscopy was used to 

determine the metal-binding sites of the complexes in solid state. 

3.3.1. Free ligand protonation and metal-complex equilibria 

The potentiometric titrations allowed to calculate one protonation constant of free L in the basic 

environment (Table 5) that can be assigned to the aliphatic nitrogen atom, rather than pyridine 

nitrogen, which dissociate normally at acidic pH[32].  

Table 5. Protonation constants (log K) of L, L grafted on SBA-15 and cumulative formation constants (log β ) of Cu2+and 

Cd2+ complexes with free L and L grafted on SBA-15 at 25°C, 0.1 M NaCl ionic strength, calculated using the Hyperquad 

program for potentiometric measurements. The constants for the Cu2+ and Cd2+ hydroxides at 25 °C and 0.1 M ionic 

strength, are taken from the literature[22]. (*) Cumulative constant ([ML]2+ + 2OH− = [ML(OH)2]). 

Formed Species 

Literature data 

(log K)[16] 

Experimental data 

 (log K) 

Free L Free L Formed Species for functionalized OMS 

[LH]+ 8.32(1) 8.73(2) [SBA(SiOH)(L)]  9.48(5) 

[LH2]2+ 1.5 (1) -  [SBA(SiOH)(LH)]+ 8.8(2) 

 
Literature data 

(log K)[16] 

Experimental data 

 (log β) 

[CuL]2+ 10.05(7) 9.54(6)   

[CuL(OH)]+ 6.09(4) 0.71(6)   

[CuL(OH)2] 2.3(1) -   

   [Cu(SBA(SiO)(L))]+ 21.4(7) 

   [Cu(SBA(SiO)(L))(OH)] 14.6(5) 

[CdL]2+ 9.12(2) 6.25(4)   

[CdL(OH)2] - -11.0(5)*   
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   [Cd(SBA(SiO)(L))]+ 19.0(1) 

   [Cd(SBA(SiO)(L))(OH)4]-3 -13.5(5) 

  

The [CuL]2+ complexes start forming already at very low pH values (Figure 6B). The formation of 

[CuL(OH)]+ complex occurs above pH 8 (Figure 6B) probably due to deprotonation of water 

molecule in the metal coordination sphere. The formation of the [CdL]2+ 1:1 complex takes place 

from pH 5, in our experimental conditions. 

    

 

Figure 6. Speciation plot of free L (A) and grafted on SBA-15 (D)*. Distribution curves of (B) and (E) Cu2+; (C) and (F) 

Cd2+ complexes with free L and grafted on SBA-15, respectively. Plots calculated on the base of stability constants (Table 

5) with Hyss program[20]. (*) Dashed lines represents species deriving from a partial deprotonation of [SBA(SiOH)(LH)]+ 

either of the silanol groups or the grafted [LH]+ groups according to proper log K (Table 5) values. 

In the previous studies[16], the coordination mode in [CuL](NO3)2 complex was determined by X-ray 

crystallography using single crystals obtained in EtOH:MeCN (50:50) solution. The central metal ion 
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was coordinated by six donor atoms in the octahedral geometry, namely two N- and two S-donor 

atoms of the ligand, and two O- atoms from nitrate anions. (Figure 7A). Here we analysed the complex 

structure in aqueous solution by the means of UV-Vis and FTIR spectroscopies. It can be observed 

in Figures 7B and 7C that at acidic pHs the [CuL]2+ complex is formed (green colour solution) and 

the characteristic d–d band with maximum at 730 nm can be assigned to the presence of nitrogen 

atom(s) in the Cu2+ coordination core, while the band below 400 nm can be assign to S(σ)Cu2+ 

charge transfer (LMCT)[33] The bands at high energy correspond to intramolecular ππ* and nπ* 

transitions[34]. On increasing the pH, the hypso- and hypochromic shift of the bands at 380 and 730 

nm can be observed. Such changes could be due to a changing of the donor atom set in the metal 

coordination core. Of note, potentiometric studies showed a proton dissociation above pH 8 (Figure 

6B), which could be assigned to the dissociation of water molecule. The Figure 5D presents the FTIR 

spectra of free L and the Cu2+/L complex in the solid state. Upon the metal-complex formation, the 

slight shift of the bands in the 400-2000 cm-1 region, and the slight enlargement of the bands in the 

1600-1700 cm-1 region can be observed. Significant changes can be observed in the region 2000-4000 

cm-1, where the new bands in the region 3200-3600 cm-1 appears and could be associated to the 

presence of water molecules in the complex and relative intramolecular hydrogen bonds. 
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Figure 7. Characterization of the Cu2+/L complex in solution and in the solid state. A) Crystal structure of [CuL](NO3)2 

complex (CCDC n. 238263). Data available on https://www.ccdc.cam.ac.uk/structures/. UV-Vis spectrum of the Cu2+/L 

(1: 1 molar ratio) complex in MeCN:H2O (50:50 v/v) solution B) 200-500 nm spectral range: CL = CCu
2+ = 1 mM, l =1 

cm, C) 500-800 nm spectral range: CL = CCu
2+ = 10 mM, l = 1 cm. D) Solid state FTIR spectra of free L (black) and 

Cu2+/L complex (green). 

As previously shown by Blake et al.[16] L forms complexes with Cd2+ ion. In our experimental 

conditions, the [CdL]2+ complex forms above pH 4 (Figure 6C) and remains stable even at basic pH, 

where the hydroxo complexes [CdL(OH)]+,  and [CdL(OH)2] are formed (only the cumulative 

formation constant for the latter was determined in the experimental conditions used), most likely due 

to dissociation of a water molecule in the metal coordination core. The FTIR spectrum of the Cd2+/L 

complex resembles that of the Cu2+ complex, suggesting the same coordination model of the ligand, 
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with only slight changes in 3200 cm-1 region and higher intensity of the bands in the 3400-3600 cm-

1 region. 

 

Figure 8. Solid state FTIR spectra of free L (black) and Cd2+/L complex (red). 

3.3.2. SBA-L protonation and metal-complex equilibrium  

In the next step, we investigated the metal coordination pattern on the L functionalized mesoporous 

material by the means of potentiometry and FTIR measurements. The potentiometric studies showed 

their great utility in the studies of functionalized OMS and their metal-complexes[10] and were used 

to establish the stoichiometry and stability of the formed complex on the SBA-L surface, and to some 

extent, can indicate the donor atoms in the metal coordination core. The FTIR spectra showed the 

changes in the spectroscopic bands, which can be assigned to the complex formation and indicates 

the donor atoms in the metal complex. 

The potentiometric titration of functionalized OMS let us establish the protonation constants and the 

precise ligand and dissociating silanol groups concentration on the OMS surface. Of note, the L 

concentration (grafted on SBA-15) calculated with potentiometric titration was established 0.3 

mmol/g and corresponds perfectly to 70 mg/g ligand loading calculated with TGA analysis. In 

addition, potentiometric data allowed us calculating the cumulative stability constants (Table 5) of 

the formed Cu2+ and Cd2+ complexes with L grafted on mesoporous material.   
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In order to assign precisely the protonation constants of L grafted on SBA-15 and dissociating silanol 

groups (SiOH), we introduce [SBA(SiOH)(LH)]+ nomenclature for the purpose of this section to 

indicate the fully protonated functionalised OMS material. In the previous studies (in the same 

experimental conditions) the silanol groups of SBA-15 had one protonation constant (log K=10.0)[10], 

due to the dissociation of silanols (SiOH) into SiO-. Grafting L on SBA-15 leads to two distinct 

protonation constants (Table 5), log K1 = 8.8(2) for the aliphatic nitrogen of L and log K2 = 9.48(5) 

for silanol groups (SiOH). Importantly, in our experimental conditions the molar ratio between 

silanols and nitrogens is equal to 3.2. Moreover, the slight differences in the pK values of free ligand, 

SBA-15 and the final [SBA(SiOH)(LH)]+ material suggest the intramolecular hydrogen bonds 

between nitrogen and oxygen atoms of silanols at different pHs.   

As shown in our previous studies[10], silanols of SBA-15 do not form stable complex with metal ions, 

but can participate to the coordination shell of the metal ion in the presence of other ligands grafted 

on the OMS surface. In some cases, such co-participation can enhance the overall stability of the 

formed metal complex. Indeed, the cumulative formation constants of the Cu2+ and Cd2+ complexes 

with L grafted on SBA-15 are higher with respect to the complexes formed with the free L (Table 5). 

Furthermore, the Cu2+ and Cd2+ complexes with L grafted on SBA-15 start to form at lower pHs 

(Figure 6E and F) respect to the metal complexes with free L. This enhancement in the complex 

formation constants could be also due to the higher local concentration of metal binding sites on the 

SBA surface, which is a characteristic feature of ligands grafted on mesoporous materials with high 

surface areas. 
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Figure 9. FTIR spectra of SBA-15 (black) and Cu2+ (green) and Cd2+ (red) complexes on the surface of SBA-L. The Cu 

2+/SBA-L and Cd2+/SBA-L were filtered and dried after the isotherm studies, where the metal loading was maximum (pH 

= 4 for Cu2+ and pH = 7 for Cd2+). 

 

Figure 9 shows the FTIR spectra of the free SBA-15 and the Cu2+ and Cd2+ complexes with SBA-L. 

The new bands in the regions 1200-2000 and 3000-4000 cm-1 relative to the complex formation, are 

clearly visible in the spectrum of the Cd2+/SBA-L complex to suggest that the nitrogen atoms are 

present in the coordination sphere of the metal. The bands between 3000-4000 cm-1  can be associated 

to the presence of water molecules in the metal complex, which form intramolecular bonds. This data 

is in accordance with potentiometric studies (Figure 6F), which showed that water molecules in the 

complex dissociate above pH 8. 

3.4.  Desorption and material renewal studies  

The analysis of adsorption isotherms data in comparison with those obtained in potentiometric 

titrations, suggest that the metal/ligand chelation is a unique adsorption mechanism on the grafted 

mesoporous material SBA-L. Indeed, the incubation of metal-loaded mesoporous material in 

hydrochloric acid solution (0.1 M; pH 1) for 15 min leads to the full recovery of metal-free SBA-L. 

The process of metal recovery and then successive re-use of SBA-L for ligand chelation can be 
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repeated successfully. In our experimental conditions, material was used and recycled minimum 3 

times      

 

4. Conclusions 

The fast development of metal-based industries demands new metal-recovery materials, which 

enables lower metal release into environment and permits metal re-use. Grafting metal chelators on 

the surface of mesoporous materials is an effective technology that satisfies both requirements. In the 

present work 2,8-dithia-5-aza-2,6-pyridinophane (L) ligand was grafted on the SBA-15 mesoporous 

material surface (SBA-L). The kinetic studies showed fast Cu2+ and Cd2+ adsorption (~ 30 min), while 

adsorption isotherms and potentiometric studies revealed the metal chelation as a unique adsorption 

mechanism. The adsorption isotherms show an almost complete saturation of adsorbing sites of SBA-

L according to a 1:1 stoichiometry between the ligand and the cations in our experimental conditions. 

This suggests that the adsorbing performance of SBA-L could be modulated by changing the loading 

of L macrocycle grafted on SBA-15 surface. Moreover, potentiometric studies showed that the 

formation constants of the metal/ligand complexes (metal = Cu2+ and Cd2+) on the mesoporous 

material surface are higher than those for the complexes formed by free ligand in solution, probably 

due to the participation of silanols in the metal coordination core. The metal desorption from the 

mesoporous material is fast and occurs at low pHs (e.g. 1 or below), where the metal/ligand 

complexes are not formed. The overall results obtained here are promising for the potential use of 

this new type of nanostructured functional material for the adsorption/recovery and/or storage of Cu2+ 

and Cd2+ ions from aqueous solutions. 
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Abstract: Synthetic organic dyes are widely used in various industrial sectors but are also among
the most harmful water pollutants. In the last decade, significant efforts have been made to develop
improved materials for the removal of dyes from water, in particular, on nanostructured adsorbent
materials. Metal organic frameworks (MOFs) are an attractive class of hybrid nanostructured
materials with an extremely wide range of applications including adsorption. In the present work,
an iron-based Fe-BTC MOF, prepared according to a rapid, aqueous-based procedure, was used as an
adsorbent for the removal of alizarin red S (ARS) and malachite green (MG) dyes from water. The
synthesized material was characterized in detail, while the adsorption of the dyes was monitored by
UV-Vis spectroscopy. An optimal adsorption pH of 4, likely due to the establishment of favorable
interactions between dyes and Fe-BTC, was found. At this pH and at a temperature of 298 K,
adsorption equilibrium was reached in less than 30 min following a pseudo-second order kinetics,
with k” of 4.29 × 10−3 and 3.98 × 10−2 g·mg−1 min−1 for ARS and MG, respectively. The adsorption
isotherm followed the Langmuir model with maximal adsorption capacities of 80 mg·g−1 (ARS) and
177 mg·g−1 (MG), and KL of 9.30·103 L·mg−1 (ARS) and 51.56·103 L·mg−1 (MG).

Keywords: metal organic frameworks; wastewater remediation; adsorption; malachite green; alizarin red S

1. Introduction

Synthetic organic dyes are among the most harmful polluting agents. It is estimated
that 80,000 tons of dyes are produced and consumed each year [1]. They are cheap, offer
a wide range of colors, and are used for numerous applications in the paper, tanning,
pharmaceutical, photographic, and cosmetic industries [2]. However, synthetic dyes are
mainly earmarked for the textile industry, as they possess reactive groups which have a
strong binding ability for fiber [3]. The colors of dye molecules are due to chromogenic
groups which absorb visible light. Indeed, dye molecules generally have a complex aro-
matic structure which is often characterized by a high chemical stability. Unfortunately,
dyes are highly toxic and can have carcinogenic and mutagenic effects on living organisms,
even at low concentrations [4]. In addition, due to their ability to absorb light, the release
of dyes into surface waters also causes unwanted effects in the aquatic ecosystem. These
effects arise from a reduced level of penetration of the sun’s rays in water, which alters
photosynthetic cycles and reduces the oxygen supply in the water body [5]. Due to their
high chemical stability, the removal of dyes from water is a challenging issue [6]. Numerous
methods have been proposed to remove dyes from wastewaters, such as electrochemi-
cal degradation [7,8], membrane-based separation [9], ultrafiltration [10], extraction [11],
and biological treatment [12]. While these methods have a number of advantages, they cannot
be applied on a large scale due to high costs, secondary pollution, production of waste, etc [3].

Int. J. Mol. Sci. 2021, 22, 788. https://doi.org/10.3390/ijms22020788 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-2691-1526
https://orcid.org/0000-0003-2042-556X
https://orcid.org/0000-0001-5746-2693
https://doi.org/10.3390/ijms22020788
https://doi.org/10.3390/ijms22020788
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22020788
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/1422-0067/22/2/788?type=check_update&version=3


Int. J. Mol. Sci. 2021, 22, 788 2 of 14

Adsorption is a simple method of dye removal that has significant advantages. Indeed,
it can be applied to almost any type of dye or mixtures of dyes, it does not require any
special equipment or pretreatment, and it can be repeated a number of times until the
adsorbent has reached its maximal adsorbing capacity. Adsorption processes are also
economic as they can be carried out in mild conditions, reducing the actual costs to that
of the adsorbent, which can be selected accordingly [13,14]. The main features of a good
adsorbent are high surface area, high adsorption capacity, short adsorption times, and
economic and environmentally-friendly production process.

Metal organic frameworks (MOFs) are organic-inorganic hybrid porous materials
characterized by a cage-like structure consisting of an array of metal cations held together
by organic linkers [15]. Thanks to their large surface area, tunable structural properties and
thermal stability, MOFs have been studied for a range of applications, including cataly-
sis [16], gas storage [17,18], enzyme carriers [19,20], sensing [21], and adsorption [22–24].
The adsorption capacities of MOFs toward dyes are remarkable [25]. Tian et al. prepared
a water-stable cationic Fe-based metal organic framework (CPM-97-Fe) for the adsorp-
tion of both anionic and cationic dyes, with adsorption capacities ranging from 157 to
831 mg/g [26]. There are many types of MOFs and, depending on the material, they can
range from low to high cost. The lowest cost materials are those whose synthesis is rapid
and requires mild conditions as well as environmentally-friendly solvents and reagents. Re-
cently, Sanchez-Sanchez et al. proposed a facile and rapid method to synthesize a Basolite
F300-like Fe-BTC MOF under environmentally and economically sustainable conditions
(few minutes at room temperature using water as solvent) [27]. This material, was used as
a support for enzyme immobilization [28]. To the best of our knowledge, there are only
a few studies about dyes’ adsorption using Fe-BTC [29–33]. While adsorption properties
of Fe-BTC are significant (e.g., up to 1105 mg/g of methylene blue) [34], the synthetic
procedures used require high temperatures or the use of organic solvents.

The purpose of this work was to examine the adsorption properties of a Fe-BTC MOF,
synthesized according to the method described by Sanchez-Sanchez at al. [27], to remove
the anionic dye alizarin red S (ARS) and the cationic dye malachite green (MG) from water
(Scheme 1). ARS is a synthetic anthraquinonic acid–base indicator [35,36], used in histology
to stain and locate calcium deposits in tissues [37], in geology to identify carbonate minerals,
and widely used in textile dyeing. MG is a toxic and carcinogenic triphenylmethane
dye, and is widely used in the textile and food industries, as well as in aquaculture
as an antifungal, antimicrobial, and antiparasitic agent [38–41]. The synthesized MOF
was characterized by means of XRD (X-ray diffraction), N2-adsorption isotherms, SEM
(Scanning Electro Microscopy), FTIR (Fourier-Transform Infrared Spectroscopy), TGA
(Thermogravimetric Analysis), and ELS (Electrophoretic Light Scattering) techniques. The
adsorption kinetics and isotherms of MG and ARS on Fe-BTC MOF were determined
in water at room temperature (298 K) by means of UV-Vis spectroscopy to examine the
application of Fe-BTC MOF for the removal of toxic dyes from waters.

Scheme 1. Use of Fe-BTC metal organic framework (MOF) for adsorption of alizarin red (S) and
malachite green.
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2. Results
2.1. Physico-Chemical Characterizations

Figure 1a shows the XRD pattern of the synthesized Fe-BTC MOF. The pattern is well
resolved with peaks at 2θ = 11◦, 19◦, 24◦, 28◦ and 34◦, in agreement with the literature re-
ports for Fe-BTC MOF [42,43]. The surface area and pore size distribution were obtained by
N2 adsorption/desorption isotherms (Figure 1b), using the Brunauer–Emmett–Teller (BET)
and Barrett–Joyner–Halenda (BJH) methods. The specific surface area was 443 m2/g and a
multi-modal pore size distribution ranged from 4 to 40 nm (Figure S2). Thermogravimetric
analysis (Figure 1c) showed a typical two-step decomposition pattern. The initial mass
loss at T <100 ◦C is due to the removal of water from the powder. The mass loss in the
range 100–325 ◦C can be attributed to the loss of coordination water [44]. Finally, the mass
loss from 325 to 520 ◦C is ascribed to the decomposition of the organic moiety (trimesic
acid) of the MOF [45,46]. The FTIR spectrum of Fe-BTC MOF is shown in Figure 1d. The
broad band from 3400 to 3600 cm−1 is due to the O-H stretching of adsorbed water. The
bands at 1627 and 1572 cm−1 and at 1450 and 1372 cm−1 are assigned to the asymmetric
and the symmetric stretching of the carboxylate groups of Fe-BTC [29,46,47], respectively.
The peaks between 770 and 450 cm−1 are due to the bending of aromatic C-H bonds.

Figure 1. Characterization of Fe-BTC MOF. (a) XRD pattern; (b) N2 physisorption isotherm; (c)
Thermogravimetric analysis; (d) FT-IR spectrum.
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2.2. Effect of pH on Dyes Adsorption on Fe-BTC MOF

The synthesized Fe-BTC MOF was used to adsorb alizarin red S (ARS) and malachite
green (MG) from water. Some studies have shown that dye adsorption on MOFs was
governed by electrostatic interactions [48]. Thus, it is expected that the pH of the adsorbing
solution affects the amount of adsorbed dye as a consequence of the presence/absence of
electric charges on both the dye molecules and the adsorbent surface. The pKa of ARS and
MG are 5.5 [49] and 6.9 [39], respectively. The former is due to the dissociation of one of
the phenolic groups (Scheme 2) [50], and the latter to the conversion of the cation into a
carbinol base through addition of OH− (Scheme 2) [51,52].

Scheme 2. Acid–base equilibria of (a) Alizarin red S (ARS) (b) Malachite green (MG) and (c)
Fe-BTC MOF.

The zeta potential of Fe-BTC suspension in water was measured over the pH range
3–7 (Figure 2a and Table S1). Fe-BTC is slightly positive at pH 3 (ζ = +8.3 ± 3 mV) and is
negatively charged at pH > 4 (ζ = −10.3 ± 3 mV) with a pHPZC (point of zero charge) value
of about 3.2 [53], in agreement with the literature [32]. Figure 2b shows the effect of pH on
the adsorbed amount at equilibrium (qe, mg/g) of ARS and MG on Fe-BTC. The qe values
of MG are generally higher than those of ARS. Moreover, while the qe of MG is unaffected
by pH, that of ARS linearly decreases in the pH range 3–7.
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Figure 2. (a) Zeta potential of Fe-BTC as a function of pH; (b) Adsorption capacity (qe) of Fe-BTC toward ARS and MG as a
function of pH; (c) Percentage adsorption of dyes as a function of pH.

Since the pHPZC (point of zero charge) of Fe-BTC is ca. 3.2 [53], anionic dyes are
adsorbed to a lower extent than cationic dyes [54]. Hence, as compared with ARS, higher
amounts of MG would be expected to be adsorbed. The two dyes also show different
adsorption efficiency (adsorbed amount %) trends (Figure 2c and Table S1) with Fe-BTC
possessing a maximum MG adsorption value of 98.5% at pH 4, while the highest value
for ARS was 59.1% at pH 3 (Figure 2c). At pH 7, the adsorption capacity was still high
for MG (82.9%), but quite low for ARS (23.3%). These trends can be explained by the fact
that, at pH 7, MG is neutral, and thus adsorption would predominantly occur via van der
Waals forces and would not be affected by electrostatic interactions. Adsorption of ARS on
Fe-BTC is not favored at pH 7 as both the dye and the absorbent are negatively charged.

2.3. Adsorption Kinetics

The adsorption kinetics of MG and ARS on Fe-BTC MOF were examined in aque-
ous solution (pH = 4, 298 K). The adsorption process was rapid for both dyes, reaching
equilibrium values (corresponding to the plateau in Figure 3a) in 30 min for ARS and
15 min for MG. Under these conditions (T = 298 K, pH = 4, initial concentrations of MG
and ARS of 1.5 mM), the qe of MG on Fe-BTC MOF was 177.3 mg/g, while that of ARS
reached qe = 80.4 mg/g. The experimental data were fitted to three different kinetic models,
namely, the pseudo-first order (Figure 3b), the pseudo-second order (Figure 3c), and the
intraparticle diffusion models (Figure 3d). The kinetic parameters obtained by each model
are listed in Table 1. The fitting of the experimental data using the pseudo-first order gave
low correlation coefficients (Table 1), thus, demonstrating the inadequacy of this model
to describe both ARS and MG adsorption on Fe-BTC. On the contrary, the pseudo-second
order model resulted in a very good fitting, as demonstrated by the high correlation co-
efficients (R > 0.99) and a good residuals plot (Figure S3b). Moreover, the values of qe
calculated from pseudo-second order models (177.31 mg/g for MG and 81.09 mg/g for
ARS) are very similar to the experimentally observed values (177.28 mg/g for MG and
80.39 mg/g for ARS, Figure 3a). The values of the kinetic constant (k”) confirmed that the
adsorption process for MG (k” = 3.98 × 10−2 g·mg−1 min−1) was faster than that for ARS
(k” = 4.29 × 10−3 g·mg−1 min−1). The fit of the model to the adsorption data demonstrate
that the adsorption of the dyes on the adsorbent sites is the rate determining step [29,55].
Figure 3d shows the variation of qt versus t0.5 according with the intraparticle diffusion
model. The slopes of the three straight lines in Figure 3d represent the kinetic constants of
the different steps (1, external diffusion; 2, internal diffusion; and 3, adsorption) involved
in the adsorption of ARS and MG dyes on Fe-BTC MOF. However, the fit of this model is
of lower quality than that of the pseudo-second order model (Figure S3c), which gives the
best description of the obtained kinetic data.



Int. J. Mol. Sci. 2021, 22, 788 6 of 14

Figure 3. (a) Amount of alizarin red S and malachite green adsorbed, qt, as a function of contact time. The data were fit using
linearized kinetics models; (b) Pseudo-first order; (c) Pseudo-second order; (d) Intraparticle diffusion. The experiments
were carried out in water at pH = 4 and T = 298 K.

Table 1. Comparison among different adsorption kinetic models for MG and ARS on Fe-BTC MOF.

qe exp
(mg g−1)

Pseudo-First Order Pseudo-Second Order Intraparticle Diffusion
k′

(min−1)
qe cal

(mg g−1) R k”
(g mg−1 min−1)

qe cal
(mg g−1) R ki

(g mg−1 min−1/2)
xi

(mg g−1) R

ARS 80.39 5.98 ×
10−3 12.78 0.946 4.29 × 10−3 81.09 0.992

27.77
1.10
0.33

10.44
64.81
72.38

0.885
0.873
0.999

MG 177.28 1.3210−2 1.75 0.707 3.98 × 10−2 177.31 1
11.33
0.58
0.02

149.38
172.51
176.88

1
0.828
0.434

2.4. Adsorption Isotherms

The adsorption isotherms of ARS and MG on Fe-BTC MOF (T = 298 K, pH 4) are shown
in Figure 4a. The MOF adsorbed MG to a greater extent than ARS, reaching the maximal
adsorbed amounts (qe,max), corresponding to the isotherm plateaus, qe,max = 177.3 mg/g and
qe,max = 80.4 mg/g for MG and ARS, respectively. Then, experimental data were tested by
applying a fitting procedure based on different linearized isotherm models, namely, Temkin
(Figure 4b), Freundlich (Figure 4c), and Langmuir (Figure 4d). The constants associated
with each model are reported in Table 2.
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Figure 4. (a) Adsorption isotherms of MG and ARS with MOF where qe is a function of the equilibrium
concentration. Adsorption data were fitted using linearized isotherms; (b) Temkin; (c) Freundlich; (d)
Langmuir. The experiments were carried out in distilled water for 24 h, at T = 298 K.

Table 2. Comparison among different isotherm models for ARS and MG adsorption on Fe-BTC MOF (pH = 4, T = 298 K).

Temkin Freundlich Langmuir

bT
AT

(L mg−1) R KF
(L mg−1) 1/n R KL

(L mg−1)
qe,max

(mg g−1) R ∆G◦

(KJ mol−1)

ARS 157.59 1.28·105 0.982 3.85·103 0.529 0.910 9.30·103 79.88 0.995 −54.21

MG 79.34 9.87·105 0.967 63.77·103 0.624 0.909 51.56·103 187.24 0.967 −58.61

By comparing the correlation coefficients (R) obtained by applying the different lin-
earized isotherms to the experimental data, with the resulting residual plots (Figure S4),
the Langmuir model fits the experimental data better than the other two models. This
indicates that a monolayer of adsorbate (dye molecules) was formed on the adsorbent
surface (Fe-BTC MOF). Generally, the larger the Langmuir constant KL, the more favorable
the adsorption process [56]. This confirms that adsorption of MG (KL = 51.56·103 L/mg)
was favored over that of ARS (KL = 9.30·103 L/mg) [57]. Then, the Langmuir constant,
KL, was used to calculate the thermodynamic equilibrium constant Ke

0 by means of the
equation [58] as:

K0
e =

KL MMAdsorbate[Adsorbate]0

γ
(1)
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where MMAdsorbate is the molecular mass of the adsorbate (MMMG = 364.91 g mol−1 and
MMARS = 342.26 g mol−1), [Adsorbate]◦ is the standard concentration of the adsorbate
(1 mol L−1), and γ is the activity coefficient (dimensionless) that can be considered to have
a value of 1 in dilute solution. The Ke

0 values thus calculated were used to determine the
standard Gibbs free energy (∆G0) for the adsorption process, according to the relationship:

∆G0 = −RTlnK0
e (2)

where R is the universal gas constant (8.314 J K−1 mol−1) and T is the absolute temperature
(298.13 K). As shown in Table 2, ∆G0 values were −54.21 kJ mol−1 and −58.61 kJ mol−1 for
the adsorption of ARS and MG, respectively. This indicates that, in standard conditions,
the desorption � adsorption equilibrium lies far to the right for both dyes, in agreement
with experimental observations.

3. Discussion

The adsorption of malachite green on a range of MOFs has been reported [59–62].
Table 3 summarizes the data from studies relevant to the present work. Among the various
types of MOFs tested, the lowest performing in terms of dye adsorption capacity were
Cu-BTC [57] and Mil-53-Al-NH2 [59]. Both the ZIF-67 prepared by Jin et al. [61] and
the UiO-66 prepared by Embaby et al. [55] acted as strong adsorbents with qe values of
2545 and 400 mg/g, respectively, with adsorption times between 30 and 60 min. The
Fe-BTC synthesized by Huo et al. [32] and the mixed-ligand Cu-BDC-BTC compound
prepared by Shi et al. [60] had adsorption capacities comparable to those obtained here,
205 and 185 mg/g, respectively, but the time required for the adsorption process (120 min)
was four times higher than that obtained by us (30 min).

Table 3. Comparison with other systems like that studied in this article.

Synthesis Kinetic Isotherm

Adsorbent T
(◦C) t (h) Solvent Dye qe(exp)

(mg/g)
t

(min) k” (g·mg min) Model K
(L·mg−1) Ref.

Fe-BTC 25 <1 H2O Alizarin red S 80 30 4.29 × 10−3 Langmuir 9.30·103
This workMalachite green 177 30 3.98 × 10−2 Langmuir 51.56·103

Fe-BTC 150 12 H2O Malachite green 205 120 6.67·10−3 Freundlich 6.49 [32]

UiO-66 120 1 DMF Alizarin red S 400 36 2.3·10−4 Langmuir 0.06 [55]

Cu-BTC 100 10 EtOH/DMF Methylene blue 4.68 10 42.39 Langmuir 1.89 [57]

Mil-53(Al) -NH2 150 24 DMF/H20
Malachite green 37.8 200 - Langmuir 0.29

[59]Methylene blue 45.2 200 - Langmuir 0.67

Cu-BTC/BDC 120 12 EtOH Malachite green 185 - - Freundlich - [60]

ZIF-67/PAN 25 <1 H2O Malachite green 2545 60 2.7·10−3 Langmuir 0.05 [61]

NH-ZIF-67 25 <1 MeOH Malachite green 114.1 240 - - - [62]

Li et al. found that the absorption capacity of MIL-53(Al) increased after function-
alization with amino groups [59], an increase that can be attributed to hydrogen bond
interactions [62] between the amino groups of the dye molecules and the amino groups
of MIL-53(Al)-NH2; the adsorption capacity achieved by this system is, however, rather
low (45.2 mg/g in the case of methylene blue and 37.8 mg/g in the case of malachite
green). Jin et al. prepared a ZIF-67 MOF integrated on a polyacrylonitrile membrane to
recover the MOF from water solution at the end of the adsorption process [61]. This system
had an adsorption capacity of 2545 mg/g of MG, and the time required to complete the
process was 60 min. The only study reported to date on the adsorption of alizarin red S by
MOFs (Table 3) was carried out by Embaby et al., who reported an adsorption capacity of
400 mg/g for ARS on zirconium-based MOF UiO-66 [55].

Most studies have confirmed that the Langmuir isotherm is the optimal model to
describe the adsorption of dyes on the MOF materials described in this study, with the
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pseudo-second order model representing the best kinetic model. However, in addition
to fast kinetics and a high adsorbing capacity, the successful use of an adsorbent for
environmental remediation should not be assessed only based on its performance, but also
in terms of factors such as cost and ease of preparation. The majority of reports on the use
of MOFs utilize synthetic methods that use organic solvents and/or high temperatures.
For example, among the adsorbents with higher qe, the synthesis of UiO-66 was carried out
in 1 h in dimethylformamide at 120 ◦C [55], while Cu-BDC-BTC was prepared in ethanol
by heating to 120 ◦C, for 12 h [60]. The Fe-BTC synthesized by Huo et al., despite being
prepared in water, required long synthetic times (12 h) and high temperatures (150 ◦C
in an autoclave) [32]. The most interesting material, both from the point of view of the
high adsorbing capacity and of synthesis conditions (25 ◦C in H2O), was the ZIF-67/PAN
fibrous membrane proposed by Jin et al. [61]. However, one of the starting reagents of this
MOF is the 2-methylimidazole, which is a carcinogenic compound [63,64]. The Fe-BTC
used here is significantly easier (and lower cost) to prepare, in an environmentally-friendly
manner, with synthesis in less than 1 h at room temperature, using distilled water as the
solvent and the reagents, FeCl3 and trimesic acid.

4. Material and Methods
4.1. Chemicals

Tris(hydroxymethyl)-aminomethane (TRIS,≥99.8%) was purchased from Bio-Rad Lab-
oratories. Iron(III) chloride (97%), sodium hydroxide, trimesic acid, and
4-{[4-(dimethylamino)phenyl](phenyl)methylidene}-N,N-dimethylcyclohexa-2,5-dien-1-iminium
chloride (malachite green) were purchased from Sigma-Aldrich. 3,4-Dihydroxy-9,10-dioxo-
2-anthracenesulfonic acid (alizarin red S) was purchased as the sodium salt from Fluka Chemie.

4.2. Synthesis and Characterization of Fe-BTC MOF

The Fe-BTC type MOF was prepared following the procedure reported by Sanchez-
Sanchez et al. [27,65]. Briefly, 0.3048 g of FeCl3 was dissolved in 10.203 mL of distilled
water. Then, a solution containing 0.263 g of trimesic acid, 3.685 mL of NaOH 1.06 M, and
6.388 mL of H2O was added dropwise under stirring. The solid was collected by filtration
under vacuum, washed with distilled water, and dried in air.

X-ray diffraction (XRD) analysis was carried out using an X’PERT Pro PANalytical
diffractometer using a Cu Kα radiation source. The data were collected from 5 to 40◦

with a 2θ step size of 0.013, for 99.19 s. The N2 adsorption/desorption isotherms at 77 K
were carried out on a ASAP 2020 (Micromeritics) instrument to obtain the surface area
(Brunauer–Emmett–Teller, BET) [66] and pore size distribution (Barrett–Joyner–Halenda,
BJH) [67]. The FTIR analysis was performed using a Bruker Tensor 27 spectrophotometer
equipped with a diamond-ATR accessory and a DTGS detector. A number of 128 scans at a
resolution of 2 cm−1 were averaged in the spectral range 4000–400 cm−1. Thermal analysis
data were collected with a STA6000 (Perkin Elmer) thermal analyzer in the 25–850 ◦C range,
under oxygen flow (heating rate = 10 ◦C/min, flow rate = 40 mL min−1). The Zeta potential
of Fe-BTC was measured using a Zetasizer Nano ZSP (Malvern Instruments) in backscatter
configuration (θ = 173◦), at a laser wavelength of λ = 633 nm, using Zetasizer software
(version 7.03) to analyze the data. Zeta potential values were calculated by means of the
Henry equation using water as the dispersant medium (εr = 78.5 and η = 0.89 cP at 25 ◦C)
and f(κa) = 1.5 (Smoluchowski approximation). The sample was prepared by suspending
Fe-BTC (2 mg/mL) in distilled water adding HCl and NaOH to vary the pH from 3 to 7.
Before the measurements the samples were sonicated for 30 min and left stirring overnight.
The scattering cell temperature was fixed at 25 ◦C.

4.3. Adsorption Studies

A mass of 100 mg of the synthesized MOF was dispersed in 1 mL of distilled water
using a vortex mixer (Figure S1a). To evaluate the optimal pH for the adsorption process, a
series of Eppendorf tubes were filled with 1 mL of dye solution and 35 µL of solid dispersion
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(Figure S1a) at different pH in the range 3–7. The pH was measured using a Metrohm pH-
meter and adjusted adding small volumes of HCl and NaOH solutions. All the mixtures
were put in a rotating mixer overnight, and then collected by centrifugation (1000 rpm for
1 min). The concentration of dye in the solutions before and after adsorption experiments
was determined using a Cary 60 UV-Vis spectrophotometer (Agilent) (λ = 516 nm for ARS
and 620 nm for MG). The solutions were diluted in Tris-HCl buffer (pH 7, 10 mM) to ensure
a constant pH during the measurements, since the absorbance peaks of the dyes, especially
in the case of ARS, are influenced by pH [68,69].

Adsorption kinetic studies were carried out analyzing samples withdrawn at different
times (from 1 min to 8 h) at a fixed pH of 4 and at a constant concentration of the dyes
(1.5 mM). Adsorption isotherms at T = 298 K were obtained at constant adsorption time
(24 h) and pH (4) at varying initial dye concentrations (from 0.01 to 2 mM).

4.3.1. Adsorption Kinetic Models

The adsorption kinetics were studied by measuring the decrease in concentration of
the dyes in solution at given times (qt) through the following equation,

qt =
(Ci − Ct)V

m
(3)

where Ci and Ct are the dye concentrations at time = 0 and time = t, while V and m are the
volumes of the solution and the mass of the solid, respectively.

The experimental data were fitted using the linearized equations of three different
kinetic models. A pseudo-first order model as follows:

ln(qe − qt) = lnqe − k′ · t (4)

A pseudo-second order model [70,71] as follows:

t
qt

=
1

q2
e · k′′

+
t
qe

(5)

and an intraparticle diffusion model [72] as follows:

qe = ki · t1/2 + xi (6)

where qe is the amount of adsorbed dye at the equilibrium, k′, k” and ki are the pseudo-first
order constant, pseudo-second order constant, and intraparticle diffusion constant, respectively.

4.3.2. Adsorption Isotherm Models

The adsorption isotherms were obtained by plotting the experimentally adsorbed
amounts of dyes, qe, versus the equilibrium concentration, Ce. The experimental data were
fitted through three different isotherm models’, i.e., Temkin (Equation (7)), Freundlich
(Equation (8)), and Langmuir (Equation (9)), in their linearized forms [73]:

qe =
RT
bT

lnAT +
RT
bT

lnCe (7)

where qe is the amount of adsorbed dye at the equilibrium, qe,max is the maximum monolayer
coverage capacity, bT is the Temkin constant, and AT is the Temkin equilibrium binding
constant.

lnqe = lnKF +
1
n

lnCe (8)
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where 1/n (dimensionless) and KF are the Freundlich constants, the heterogeneity factor,
and support capacity (characteristic of each adsorbate-adsorbent pair), respectively.

Ce

qe
=

1
qm · KL

+
1

qm
Ce (9)

where KL is the Langmuir constant [5,74].

5. Conclusions

An Fe-BTC MOF was synthesized following the procedure proposed by Sanchez-
Sanchez et al. The structure of the material was characterized by XRD, while its pore
diameter distribution (4–40 nm) and surface area (443 m2/g) were determined from N2
adsorption/desorption isotherms. The zeta potential of aqueous dispersions of Fe-BTC
was determined by ELS and a point of zero charge (pHpzc) of 3.2 was obtained. Further
qualitative characterizations were carried out using FTIR and TGA techniques. The data
obtained were comparable with those reported in the literature. Then, the Fe-BTC was
used as an adsorbent for the removal of two toxic dyes from water, alizarin red S (ARS) and
malachite green (MG). The adsorption capacity was measured as a function of time and of
the concentration of dye required to obtain the kinetic profiles and the adsorption isotherms
of the process, respectively. The adsorption of both dyes was rapid (<30 min) as compared
with other reports, which reached equilibrium generally in 60–200 min. The Langmuir
model provided the best fit to the adsorption process, with maximum adsorption capacities
of 80 and 177 mg/g for ARS and MG on Fe-BTC MOF, respectively. The data obtained for
adsorption on to Fe-BTC MOF compare favorably with literature reports. However, what
distinguishes this work is the green method used to synthesize the adsorbing material.
Indeed, the synthesis of the Fe-BTC MOF was performed in an aqueous solution at room
temperature in less than 1 h, unlike the generally used syntheses which require organic
solvents or high temperatures and longer times. Furthermore, the adsorption rate of the
dyes was higher than most of the other reported MOFs. Future work could be devoted to
test the adsorption performance of other toxic dyes or even other classes of toxic substances
and to verify the feasibility of continuous processes or on a larger scale. Further work
is needed to find the optimal conditions for dye desorption and MOF reuse for multiple
adsorption cycles.
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Abbreviations

MOF Metal organic frameworks
MG Malachite green
ARS Alizarin red S
XRD X-ray diffraction
FTIR Fourier transform infrared spectroscopy
TGA Thermogravimetric analysis
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Figure S1 - Images of a) the synthesized MOF before and after dispersion in distilled water; b) Solutions of ARS and MG 

prior to and after (20 h) adsorption . 

 

 

Figure S2 – Pore size distribution (BJH method). 

 



Table S1. Zeta potential of Fe-BTC dispersed in H2O and the percentage of dyes adsorbed at different pH values (initial 

concentration of dyes of 1.5 mM). 

pH Fe-BTC Zeta potential (mV) ARS adsorption% MG adsorption% 

3 + 6 59.1 89.3 

4 - 7 49.2 98.5 

5 - 20 31.3 94.7 

6 - 28 34.1 93.1 

7 -16 23.3 82.9 

 

 

 

Figure S3 – Residuals graph relative to a) Pseudo-First order, b) Pseudo-Second order and c) Intraparticle diffusion 

kinetic models. 

 

 

Figure S4 – Residuals graph relative to a) Temkin, b) Freundlich and c) Langmuir isotherms models. 
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