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I.1. SALINE SLAG VALORIZATION 

I.1.1. PRIMARY AND SECONDARY ALUMINUM PRODUCTION 

Aluminum is the most abundant metal in the earth's crust and the second most used 

after iron. It has many industrial applications due to its different properties like low 

density, malleability, corrosion resistance, low melting point (933 K), its ability to alloy 

with other metals and recyclability.  

Aluminum is too reactive with other elements to occur naturally and bauxite ore is 

the primary source of alumina (Al2O3). It became economically viable at the end of the 

19th century when both the Bayer process and the Hall-Héroult process, still used 

nowadays, were invented (Ungureanu et al., 2004; Metson, 2011). The Bayer it’s a 

costly process that, using different treatments such as grinding, absorption, solution and 

precipitation, allows the mass production of alumina from bauxite. The Hall-Héroult 

process refines the alumina to aluminum with an electrolytic process. Although the 

production approach has not changed, its efficiency with the use of cleaner technologies 

and renewable energy has been improved (Beck, 2013). To this day these energy 

improvements are not enough and there lies the importance of recycling aluminum. 

Figure I.1. Relative recycled fraction and secondary production energy saving of 
different metals with respect to primary production (Antrekowitsch et al., 2002; Bureau 

of International Recycling (BIR), 2020). 
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The recycling of aluminum is carried out without the loss of quality in the final 

product, it uses only between a 5 and a 20% of the energy needed in the primary 

production, generates less waste (Gil, 2005) and emits only a 5% of the greenhouse gas 

(Sevigné-Itoiz et al., 2014). When compared to other high-produced materials, it has the 

largest difference in terms of difference of energy saving between the primary and 

secondary productions (see Figure I.1) and their recycled fraction is in all cases between 

a 30 and a 40%.  

I.1.2. TYPES OF WASTES GENERATED

Table I.1. shows the classification of the different hazardous wastes generated in the 

aluminum production industry according the European Commission (European 

Commission, 2018a). 

Table I.1. Wastes from aluminum thermal metallurgy. 

No. Hazardous waste type Code

1 Primary production slags 100304
2 Salt slag from secondary production 100308
3 Black drosses from secondary production 100309

4
Skimmings that are flammable or emit, upon contact with water, 
flammable gases in hazardous quantities

100315

5 Tar-containing waste from anode production 100317
6 Flue-gas dust containing hazardous materials 100319

7
Other particulates and dust (including ball-mill dust) containing 
hazardous substances

100321

8 Solid wastes from gas treatment containing hazardous substances 100323

9
Sludges and filter cakes from gas treatment containing hazardous 
substances

100325

10 Wastes from cooling-water treatment containing oil 100327

11
Wastes from treatment of salt slags and black drosses containing 
hazardous substances

100329

Between them the most important ones, as they are generated in larger quantities, are 

items 1, 2 and 3, generated both in the primary and the secondary production methods 

as can be seen in the aluminum production scheme (Figure I.2). 
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The transformation of bauxite into alumina produces red mud, the most important 

waste produced in the primary route. Depending on the type of bauxite used, the amount 

generated varies from 1.0 to 1.6 tons per ton of alumina (Tsakiridis, 2012) and its 

chemical composition is also different. It usually contains acidic oxides with iron, 

silicium and titanium oxides as major components but also with zinc, nickel and 

phosphorous oxides. These substances cannot be dissolved in the reaction conditions of 

the Bayer process and are usually managed by disposal in a controlled landfill as there 

is not an economically viable application reported. 

Materials with more than 45% Al are called skimming and residues containing less

than 45% Al are called dross. If the dross comes from the primary smelters is called 

white dross whereas the black dross comes from the secondary smelter. The difference 

in color is due to the aluminum source. While the raw material in the Halt-Héroult 

process is alumina, the remelting process uses aluminum wastes and scraps. The 

secondary smelter also produces salt cake, salt slag or saline slag as the re-melting 

process requires fluxing of salt. Their different compositions are shown in Table I.2.

Salt fluxes are used as they have multiple functions (Gil, 2005): 

− They disperse mechanically the oxides and metals or solid nonmetal 

substances present. 

Figure I.2. Aluminum recycling process scheme. 
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− They isolate the metal from the atmosphere and pass the heat to the metal so 

the furnace reaches a temperature that melts the brine. 

− In some cases they can chemically react with the aluminum oxides present 

and dissolve them.

Table I.2. Types and composition of aluminum dross (Meshram and Singh, 2018).

Type of dross % Metallic aluminum % Aluminum Oxide % Salt Flux

White dross 15-80 20-85 < 5

Black dross 7-50 30-50 30-50

Saline slag 3-10 20-60 20-80

I.1.3. SALINE SLAG MANAGEMENT 

Due to its harmful properties (Table I.3), saline slag must be properly managed. 

There are some significant problems associated with the a controlled landfill disposal 

such as the large area required, the elevated cost that road transportation implies or the 

toxicity associated to a possible leachate to groundwater or air contamination. This,

together with the increasing number and strictness of environmental regulations (Gil 

and Korili, 2016), make the recovery of the saline slag an attractive alternative to 

managing the waste. 

Table I.3. Hazardous properties of aluminum saline slag according to the European 
waste catalogue and hazardous waste list (Environmental Protection Agency, 2002). 

Title Meaning Code

Highly flammable
Substances and preparations which, in contact with water or damp 

air, evolve highly flammable gases in dangerous quantities
H3-A

Irritant

Non-corrosive substances or preparations which through immediate 

prolonged or repeated contact with the skin or mucous membrane can 

cause inflammation

H4

Harmful
Substances and preparations which, if they are inhaled or ingested or 

if they penetrate the skin, involve limited health risk
H5

Leachable
Substances and preparations capable by any means, after disposal, of 

yielding another substance
H13
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The valorization of aluminum saline slags means that a disposal is not required and 

present and future landfills are not needed creating at the same time economic 

opportunities. 

Potential applications for aluminum saline slags as a raw material are being studied 

over the last years in construction, polymer composites, adsorbents or salts but another 

interesting strategy is to solve the available Al and use it to synthesize useful materials.

I.1.3.1. Saline slag characterization and Al extraction procedure 

Aluminum was extracted from a saline slag coming from Iberica de Aleaciones 

Ligeras S.L. (IDALSA) a Spanish company specialized in the recycling of aluminum. 

The aluminum saline slag generated is a powdered solid composed, in more than 50 

wt.%, of particles smaller than 23 mm in diameter.  

Yoldi et al.(2019) studied different alkaline extraction procedures in order to obtain 

the best aluminum recovery efficiency. Saline slags were treated under reflux and 

stirring together with a NaOH solution and the best conditions determined were with a 

single extraction step with NaOH 2 mol/dm3 for 1 h (see Figure I.3).  

Figure I.3 Alkaline extraction of aluminum from saline slags. 
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The quantity of aluminum extracted to the solution was determined with ICP and it 

is over 7g/dm3. An alkaline extraction was more appropriate in this work as the 

aluminum obtained is going to be employed for the synthesis of layered double 

hydroxides (LDH). This synthesis procedure requires a pH of 9-10 and, as the 

aluminum solution obtained in the extraction in very alkaline, there is not a need for 

adding NaOH during the LDH synthesis. Saline slag before and after Al extraction are 

showed in Figure I.4 together with the SEM micrographs. 

The chemical composition of the residue before and after Al extraction with NaOH 

was calculated from the analysis with X-ray fluorescence (XRF) and powder X-ray 

diffraction (PXRD) and the results are shown (wt.%) in Figure I.5. All the deliverable 

aluminum, as metallic Al and AlN present in the original slag (19.2 wt.%) is extracted 

to the solution and there is none left after the extraction process. The percentage of non-

crystalline components is expressed together with the loss of ignition and is higher after 

the Al extraction because of the removal of volatile components. Corundum (+ 3.4 

wt.%) and spinel (− 0.5 wt.%) have limited change as they are not solved with the 

NaOH extraction. The slight increase on the percentage of corundum could be due to an 

Al oxidation in the extraction/purification process. XRF comparisons (Yoldi et al., 

2019) also show that that NH3 and other toxic elements are not determined after the 

extraction and they are removed in the process. Na quantity in the waste (after cleaning 

it with deonized water and drying it at 393 K for 4 hours) is very low, in the same order 

than the original waste, transforming the saline slag after extraction to a non-hazardous 

waste. 

Figure I.4. Saline slags before (left) and after extraction (right). 
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I.2. POLLUTANTS IN WATER: LEGISLATION 

Fresh water is a scarce resource and a fundamental element for life that has 

undergone a constant deterioration mainly due to the rapid economic development and 

its inappropriate use. Water pollution problems started being perceptible with the start 

of the industrial revolution, in the early nineteenth century. For a long time, biologically 

active substances with agricultural or industrial uses have been inadequately discharged 

into the environment without any further treatment. Water pollution problem has been 

exacerbated by the escalating desertification that the climate change generates and the 

global increase in population. Legislative and policy measures have been gradually 

adopted to try to palliate the problem. However, the increasing demand for water and 

the constant detection of new contaminants highlights the need for further research to be 

carried out. 

Figure I.5. Chemical composition of the slag before and after Al extraction. 
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On a national level, Spain established in 1879 its first water law (“ley de aguas”) 

that considered water as a natural resource to be preserved of an improper use or 

privatization. It was mainly focused on the quantitative and consumption fields. This 

law was repealed over a hundred years afterwards by the law 25/1985. This water law 

established a new legal regime for the public hydraulic domain in the framework of the 

constitution. It also installed the distribution of competencies between the central and 

regional governments. With the entry of Spain in the European Union, the transposition 

of the dispositions coming from Europe onto our regulations was mandatory. In this 

respect, the European Water Framework Directive, published on October 2000 

(European Union, 2000) is one of the most important international instruments to be 

instituted in the water field. The aim of this Directive was for the waterbodies of Europe 

to achieve a good ecological and chemical status by 2015. This meant that an action 

program had to be established, updated and implemented to the water management 

model through hydrological planning. The assessment of the quality of surface 

waterbodies is based on the use of ecological quality status and, to have a good 

ecological status, concentrations of specific pollutants must not exceed the 

environmental quality standards set at member state level (Mandaric et al., 2016). The 

directive 2008/105/EC later amended by the Directive 2013/39/EU (The European 

Parlament and the Council of the European Union, 2013) proposed two types of legally 

binding European environmental quality standards for selected chemical pollutants or 

priority substances: the annual average and the maximum allowable concentration of the 

substance. This directive also includes a list of 45 priority substances and provisions to 

improve the functioning of the legislation. 

I.2.1. EMERGING CONTAMINANTS 

Although the measures taken have improved drastically the presence of known 

pollutants in water, there are a great number of potentially dangerous chemical 

substances that can harm the environment. Emerging contaminants are synthetic or 

naturally occurring chemicals or any microorganisms that are not usually monitored in 

water bodies but have the potential to enter the environment and cause known or 

suspected adverse ecological and/or human health effects (Rosenfeld and Feng, 2011).

They consist of pharmaceuticals, pesticides, fire retardants, industrial chemicals, 

surfactants, and personal care products that are consistently being found in groundwater, 
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surface water, municipal wastewater, drinking water and food sources. Among the 

pharmaceutical compounds, they include endocrine-disrupting compounds, analgesics, 

antibiotics, hormones, and a whole range of other pharmaceutical compounds including 

anti-inflammatory, antidiabetic, and antiepileptic drugs. These compounds are usually 

present in the water bodies in concentration ranges that go from μ/dm3 to ng/dm3 and, in 

general, these compounds do not represent acute risks. There is, however, a lack of

knowledge concerning their long-term effects as well as their synergistic effects or those 

that come from their metabolites. There is not enough information about them to assess 

their potential damage and, thus, further research is needed to decipher their potential 

environmental toxicity and include them in future regulations. Their presence on water 

has been proven in numerous studies (Machado et al., 2016; Noguera-Oviedo and Aga, 

2016; Wilkinson et al., 2017; Gogoi et al., 2018) and they usually end up in water 

following different pathways as seen in Figure I.6. As routine monitoring programs in 

the EU do not include emerging pollutants, the directive 2013/39/EU discusses that 

high-quality monitoring information targeted on emerging contaminants with a new 

mechanism is needed. This mechanism is focused on a limited number of compounds, 

to keep the costs at acceptable levels. Thus, a watch list, where these substances are 

temporarily included, is created and representative data is collected from a limited 

number of monitoring sites. This watch list has a restricted number of compounds and 

periodic controls are performed so the substances are not on the list longer than 

necessary (up to 4 years). 

Figure I.6. Emission pathways related to the use-phase of pharmaceutical compounds 
(Executive Agency for Health and Consumers, 2013).
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Those with a considerable risk at EU level will be labeled as candidate priority 

substances as soon as possible. Three pharmaceutical compounds were selected in the 

first watch list: 17-alpha- ethinylestradiol and 17-beta-estradiol (steroidal oestrogens) 

and diclofenac. These three substances were monitored and the high-quality data was 

obtained in the case of diclofenac, so it was taken from the watch list in 2018. The other 

two substances are still being monitored along with the antibiotics azithromycin, 

amoxicillin and ciprofloxacin (European Commission, 2018b; Loos et al., 2018).

I.3. WATER POLLUTION CONTROL PROCESSES/METHODOLOGY 

Wastewater plant treatments usually employ conventional methods that, in general, 

are not appropriate for the elimination of emerging contaminants, as many of them 

remain without any transformation in the effluents of the wastewater treatment plant 

(aus der Beek et al., 2016). This is why is important to determine and asses the 

efficiency of alternative water treatment processes, to try to identify valuable 

alternatives with good results in the removal of emerging contaminants at an affordable 

cost. It is not an easy task as some of these pollutants (among them pharmaceutical 

compounds or endocrine disruptors) possess a wide variety of chemical properties 

which are responsible for the achievement of good removal rates (Mompelat et al., 

2009). The most important technologies for water treatment are described hereunder. 

I.3.1. COAGULATION-FLOCCULATION METHODS 

Physico-chemical treatments are regarded as one of the most important and broadly 

used treatment processes for wastewater due to their effectiveness and simplicity. They 

have, however, several drawbacks such as the production of large amount of toxic 

sludge, complexity of scaling up the procedure or the inefficient removal of pollutants 

using natural coagulant. Furthermore, they are ineffective when it comes to the removal 

of heavy metals and emerging contaminants (Teh et al., 2016). A study on hospital 

wastewater (Suarez et al., 2009) containing heavy metals, toxic chemicals, 

microorganisms and radioactive elements confirmed that the coagulation-floculation 

process using alum was not effective as there was an increase in the total suspended 

solids at the end of the treatment. Acero et al. (2012) studied the removal capacity of 11 

different emerging contaminants using ferric chloride or alum. Coagulation alone was 

capable of removing only less than 3% of them. In addition, a combination of 
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ultrafiltration with coagulation did not improve significantly the removal of emerging 

pollutants when compared to ultrafiltration alone. 

I.3.2. MEMBRANE PROCESSES 

Another possibility to try to eliminate emerging pollutants is the application of a 

treatment that operates with membranes such as membrane bioreaction, micro and 

ultrafiltration, nanofiltration or reverse osmosis. 

Micro and ultrafiltration are capable of removing pathogens or heavy metals 

although they have low removal percentages of pharmaceutical compounds, as the pore 

size of the membrane is from 100 to 1000 times larger than the emerging pollutants 

(Deegan et al., 2011). Nanofiltration is more effective in the removal of organic (dyes, 

pharmaceuticals, pesticides) and inorganic (heavy metals) pollutants although they have 

high operational costs, and also an important energy demand apart from the problems 

with membrane fouling and disposal of the concentrate (Ahmed et al., 2017). Reverse 

osmosis technologies have also problems with the membrane fouling, high energy costs 

and the handling of the residual concentrate. However they remove more than 90 % of 

the endocrine disrupting compounds and have in general good removal percentages of 

pharmaceuticals and personal care products (Ahmed et al., 2017). In the last years, new 

types of reverse osmosis membranes have been developed that improve the separation 

process. Electrodialysis, which consists on the application of an electric current 

throughout the membrane, allows for the separation of some compounds from 

wastewater. This technique, commonly used in desalination plants, creates a faster ion 

transport through the membrane. 

Membrane bioreactor is the combination of a membrane process (usually 

microfiltration or ultrafiltration) with the activated sludge process. It also has the 

problems related to membranes like fouling and also high energy consumption. The 

efficiency in removal of organic compounds depends on the compound characteristics. 

Hydrophilic and moderately hydrophobic compounds possessing strong electron 

withdrawing functional groups presented low removal efficiencies (<20%) and 

compounds with electron donating functional groups such as hydroxyl and primary 

amine groups showed high removal efficiencies (Tadkaew et al., 2011). 
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Some of the problems that these technologies present could be solved by the 

combination of two or more processes. One interesting possibility could be an activated 

carbon/ultrafiltration combo. Activated carbon has great adsorption capacity and the 

ability of the ultrafiltration process to retain high molecular weight compounds could 

enable the removal of low molecular weight compounds (Acero et al., 2012). However, 

this would imply higher operational and energy costs.

I.3.3. BIOLOGICAL PROCESSES 

The basic sewage treatment system with biological trickling filters or activated 

sludge is able to quickly transform organic compounds into biomass, separated after of 

the aqueous phase by clarifiers. Still, this does not work for all compounds and, for 

example, steroids or estrogens are not completely broken down (Johnson and Sumpter, 

2001). In addition, biological treatments at their best are only capable of removing 

certain emerging pollutants, particularly the polar ones (Bolong et al., 2009).

I.3.4. ADVANCED OXIDATION PROCESSES 

Advanced oxidation processes are water treatments (that work at near ambient 

temperature and pressure) based on the generation of hydroxyl radicals to start the 

oxidative destruction of organic compounds. Hydroxyl radicals are strong and non-

selective chemical oxidants which react a billion times faster than hydrogen peroxide or 

ozone, thus reducing system size and costs (Vogelpohl and Kim, 2004). These processes 

have emerged in the last years as a valuable class of technologies capable of 

accelerating the destruction of a wide range of organic pollutants in wastewater, which 

cannot be eliminated biologically. Under adequate conditions, the non-desired organic 

components are converted completely to CO2, mineral salts and water. One of the main 

advantages of this method is that secondary pollutants are not generated in the process, 

which is commonly associated with conventional treatment techniques. 

There is a variety of processes that can be adopted for the generation of hydroxyl 

radicals, the most important among them are: 

− Ozone. In the presence of O3, besides the straight ozonation of contaminants, the 

primary radicals of water radiolysis can react rapidly with ozone and hydroxyl 

radicals are formed. The reaction steps are described by Wang and Xu (2012). This 
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process achieves a great efficient degradation of organic pollutants based on the 

combination of hydroxyl radicals formed and the non-reactant ozone. 

− Hydrogen peroxide. In advanced oxidation processes hydrogen peroxide is usually 

used in combination with UV radiation, metal compounds (particularly iron) or 

ozone to form hydroxyl radicals. 

− Fenton’s reaction. The use of hydrogen peroxide on its own is not effective for high 

concentrations of emerging contaminants as it has low rates of reaction. The use of 

transition metal salts such as iron salts can activate hydrogen peroxide to form 

hydroxyl radicals, as seen in the following reaction (Wang and Bai, 2017). 

Fe2+ + H2O2→Fe3+ + OH• + OH− Eq. I.1

− Photocatalysis. This term refers to a catalytic reaction that involves the absorption of 

light by a catalyst. The ability of the catalyst to create electron-hole pairs, which 

generate free hydroxyl radicals, is defined as photocatalytic activity. In this process 

both oxidation and reduction reactions occur. Both light and a catalyst (a 

semiconductor) are needed for the reaction to happen. In the process first an electron-

hole pair is generated in the semiconductor particle. A photon with energy = ℎ
that meets or exceeds the break energy (band gap) between the valence and the 

conduction band is absorbed by the semiconductor and an electron is excited from 

the valence to the conduction band, generating a positive hole in the valence band. 

The excited electron then reacts with oxidants to form reduced products and the 

generated hole also reacts to produce oxidized products.  That is, both oxidation and 

reduction reactions take place on the surface of the catalyst. The major problem that 

arises in this type of processes is recombination of the hole and the excited electron, 

which releases the energy acquired by the excited electron as heat. The development 

of functional photocatalysts is focused on prevent the electron-hole recombination 

using different approaches such as noble-metal nanoparticles or substitutional cation 

doping. In this work photocatalysts were synthesized and tested for degradation of 

emerging contaminants in chapters V and VI. 
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I.3.5. ADSORPTION PROCESSES 

Adsorption is a matter transferring process that involves the concentration of a 

liquid or gaseous compound in the surface of a porous solid. On the other hand, 

desorption is the opposite process by which the molecule adsorbed on the surface of the 

solid returns to the fluid. If the solid-molecule interaction is of physic nature, the 

process is named physisorption. On the other hand, chemisorption involves the 

formation of covalent forces. Although physisorption can happen on its own, in

favorable conditions, both processes occur simultaneously, and thus, it is usually 

difficult to distinguish between the two of them. The main characteristics of both 

processes are resumed in Table I.4. 

Table I.4. Main characteristics of physisorption and chemisorption.

Physisorption chemisorption

Non-specific in nature Highly specific in nature

Fast, reversible It can be slow and irreversible

Enthalpy of adsorption is low Enthalpy of adsorption is high

It arises due to van der Waal’s forces It arises due to chemical bond formation

Monolayer or multilayer Monolayer only

exothermic Endothermic or exothermic

I.3.5.1. Adsorbent materials  

There are different characteristics desired for an effective adsorbent such as high 

adsorption capacity and adsorption kinetics, good renewal capacity, high thermal, 

mechanic and chemical stability or low cost. The most employed adsorbents for 

emerging contaminants are carbonaceous materials, metal organic frameworks and clays 

which are described below. 

I.3.5.1.1. Clays 

Clay materials represent a good choice because of their low cost, high surface area 

and porosity and low toxicity.  There are different types of clays such as smectites 

(saponite, montmorillonite), kaolinite, sepiolite or hydrotalcites (layered double 

hydroxides). Their adsorption capacities depend on the charge of the surface, which 

gives clays the capability to adsorb either positively or negatively charged species. In 
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this work, a variety layered double hydroxides have been synthesized, using always 

aluminum extracted from saline slag as aluminum source, and tested for the adsorption 

of emerging contaminants (chapters III and IV).

Several clays have been tested for the adsorption of emerging contaminants from 

aqueous media: propranolol was adsorbed by montmorillonite (del Mar Orta et al., 

2019), ibuprofen was adsorbed by a sepiolite/zeolite combination (Li et al., 2019) or 

Congo red dye by kaolinite (Zhang et al., 2018). 

I.3.5.1.2. Carbonaceous materials 

This group of materials involves basically activated carbon, one of the most used 

adsorbents, and carbon nanotubes. 

− Activated carbon. This material refers to porous carbon materials synthesized by 

different methods in order to reach a high porosity. The possibility of a size and 

pores distribution control are responsible for its adsorbent properties. It is produced 

by pyrolizing a raw material followed by the activation with oxidizing gases. The 

product obtained usually has a large surface area that ranges from 600 to 2000 m2/g. 

They are used in a wide variety of applications in both aqueous and gas phases. The 

final properties of the activated carbon can be controlled and adapted with an 

appropriate selection of the precursor, the activation method or the synthesis process 

variables (such as temperature, gas flow…) (Grassi et al., 2012). These factors 

largely condition its physic-chemical, structural, electrochemical, redox and 

hydrophilic/phobic properties and, consequently, its area of application. These 

adsorbents were used for comparison purposes in chapter VII. 

− Carbon nanotubes. They are the result of rolling a single graphite layer (graphene). 

Carbon nanotubes can have between 2 and 50 layers and they maintain their 

characteristic tubular shape via van der Waal’s forces. As such, they are classified as 

multi-walled (MWCNTs) or single-walled (SWCNTs). In this work MWCNTs were 

used for comparison purposes in chapter VII. 

I.3.5.1.3. Metal organic frameworks (MOFs) 

MOFs are crystalline porous materials that also have interest in the field of 

adsorption due to the easy tunability of their pore size and shape in the range of 

microporous to mesoporous by changing the connectivity of the inorganic moiety and 

the nature of organic linkers (Hasan et al., 2012). They have been studied for the 
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removal of naproxen, clofribic acid and bisphenol A (Qin et al., 2015) or dyes (Haque et 

al., 2011). In this work MOF Basolite A100 was used for comparison purposes in 

chapter VII. 

I.4. REMOVAL OF PHARMACEUTICAL COMPOUNDS FROM 

AQUEOUS SOLUTION USING LAYERED DOUBLE HYDROXIDES AS 

ADSORBENTS 

I.4.1. INTRODUCTION 

A wide range of emerging contaminants is being currently detected in worldwide 

aqueous environments. These include pesticides, industrial additives, pharmaceutical 

compounds, caffeine and nicotine metabolites flame retardants, surfactants, hormones, 

personal care products and fragrances (N. A. Khan et al., 2020b, 2020a). These 

pollutants are not appropriately regulated by law although they have been detected in 

both surface and groundwater. Although it is clear that they are a risk to water and soil 

environments, they are not presently being monitored because of a lack of information 

regarding their effects (Stuart et al., 2012). Thus, more research has to be performed on 

the prevalence, fate and treatments of emerging contaminants and human originated 

metabolites to try to develop risk based screening models and an appropriate framework 

(Gogoi et al., 2018). Among the wide range of emerging contaminants, the most 

commonly detected are pharmaceuticals like carbamazepine, ibuprofen or diclofenac 

(Stuart et al., 2012; aus der Beek et al., 2016; Riva et al., 2018).

Several treatment processes like membrane bioreactors (Besha et al., 2017), 

microfiltration - reverse osmosis (Rodriguez-Mozaz et al., 2015), ozonation –

photocatalysis (Quiñones et al., 2015; A. H. Khan et al., 2020) or adsorption can be 

selected for the removal of emerging contaminants. Each of them has a number of 

advantages and disadvantages well described by Patel et al. (2019). In general the main 

problems of these techniques involve their high operational/energy costs, their difficulty 

to be applied on a large scale or their low removal rates. Adsorption technology has 

none of these issues as it is capable of obtaining a high percentage removal, needs low 

energy and mild operation conditions, and byproducts are not added to the system. 

There are, however, several concerns with adsorption that need to be tackled: mainly the 

regeneration and sludge management and the selection of an efficient adsorbent.  
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Layered double hydroxides (LDH), also called hydrotalcites or anionic clays, are a 

family of layered materials with hydrotalcite structure, derived from that of brucite 

(Mg(OH)2), in which a partial substitution of Mg2+ by Al3+ takes place and the electric 

charge is balanced by anions in the interlayer space. Their general formula is 

Mg6Al2(OH)16CO3∙4H2O, water being located with the anions in the interlayer. These 

materials are usually easy to prepare, not expensive and offer a wide range of variants 

within the family. Their divalent and trivalent cations choice is almost entirely 

restrained only by their charge and size and a combination of more than one divalent or 

trivalent cation can be also made. The interlayer anion choice has nearly no limits: 

simple or complex, organic or inorganic anions can be selected. 

These features are responsible for the selection of LDH as adsorbents in recent 

studies. Although they have been largely studied as adsorbents for the release of drugs 

in animals and humans (Rives et al., 2014), the recent discoveries highlighting the need 

for an effective emerging contaminant collector have increased the interest of these 

compounds as adsorbents (Dias and Fontes, 2020; Lazaratou et al., 2020). In this review 

work, a compilation of the recent studies that use LDH as adsorbents of pharmaceutical 

compounds, an important group of emerging contaminants, taking into account several 

factors such as kinetic and isotherm studies, the use of support, synthesis strategies and 

recovery techniques has been carried out. At the end of the review, the main conclusions 

and perspectives regarding some of the main scientific challenges remaining in this field 

are also summarized.

I.4.2. PHARMACEUTICAL COMPOUNDS

Among the adsorbates studied (described in Table I.5), there are two main groups of 

compounds: antibiotics and Non-Steroidal Anti-Inflammatory Drugs (NSAID). Both 

cause great concern due to their environmental impact. Although caffeine is considered 

a central nervous system drug, it was also considered in this work, as is commonly 

added to over-the-counter medications. At present, there is a general rise in the 

production and consumption of pharmaceutical compounds all over the world. Several 

factors are responsible: the increase of the worldwide population and life expectancy, 

the great prevalence of chronic diseases or a steady input of new compounds entering 

the market every year (Patel et al., 2019). Van Boeckel et al. (2014) analyzed the global 

antibiotic consumption from 2000 to 2010 (see Figure I.7); in this decade, global 
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antibiotic sales raised by 35%, such an increase was mainly due to developing countries 

such as Brazil, India, China and Russia. An increment in the antibiotic consumption has 

a synergic effect, as is a major driver for antibiotic resistance. The prevailing pathway 

of pharmaceuticals into the environment starts with their excretion by humans or 

animals, the release into raw sewage and the management in a WasteWater Treatment 

Plant (WWTP) followed by a discharge into water environment. However WWTP 

procedures are usually not effective for pharmaceutical compounds, with very different 

removal rates (Martín et al., 2012; Verlicchi et al., 2012). As an example, He et al.

(2017) reviewed the potential adverse effect of NSAID residues on terrestrial and 

aquatic ecosystems and showed that concentrations as low as 1μg/dm3 of diclofenac can 

cause tubular necrosis in the kidneys and histological changes in the liver and gills of 

the rainbow trout. Diclofenac has been detected in groundwater, surface water or 

drinking water in 50 countries and concentrations higher than 1 μg/dm3 usually occur 

downstream of sewage-treatment plants in densely populated areas (aus der Beek et al., 

2016).

Figure I.7. Consumption of antibiotics in 2010. Expressed as pill, capsule or ampoule 
per person (A), and compound annual growth rate of antibiotic drug consumption 

between 2000 and 2010 (B). (Reproduced with permission from Van Boeckel et al.
(2014)).
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Antibiotic sulfamethoxazole was found in the surface water of 47 countries and had 

an average concentration of 2.53 μg/dm3 in African countries (aus der Beek et al., 2016) 

(see Figure I.8). Its risk quotient values indicated that this antibiotic has a high 

ecological risk in soils of Kenya (Yang et al., 2016).

I.4.3. SYNTHESIS CONDITIONS, RATIOS AND COMPONENTS 

The synthesis of LDH can be performed using various metals, the most used for the 

preparation of LDH destined to the adsorption of pharmaceutical compounds are Mg2+

and Zn2+ as divalent cations, and Al3+ as the trivalent one. These metals can be 

combined in different molar ratios and the resulting LDH can also be calcined at 

different temperatures, usually between 573 and 883 K. A calcination step is essential; 

its purpose is the elimination of the anions, usually carbonates, from the interlayer. 

When the calcined LDH is placed in an aqueous environment, it can recover its original 

structure, thanks to the memory effect, and “trap” the adsorbate in its interlayer. In the 

case of MgAl LDH, a calcination process above 653 K guarantees the formation of the 

metal oxide but a calcination above 1073 K leads to the formation of stable MgO and 

spinel phases, thus preventing the memory effect from occurring (Rives, 2002).  

Xu et al. (2009) synthesized MgAl LDH with 2:1, 3:1 and 4: 1 Me2+:Me3+ molar 

ratios via the hydrothermal method and their tetracycline (TCY) adsorption capacity 

Figure I.8. Regional patterns of pharmaceutical therapeutic groups analyzed in each 
United Nations region. MEC = measured environmental concentration; WEOG = Western Europe 
and Others Group; EEG = Eastern Europe Group; GRULAC = Latin American and Caribbean States.

(Reproduced with permission from aus der Beek et al. (2016)).
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was investigated.  The reconstruction of the LDH in water by the memory effect was 

only partial. Calcined LDH had a better performance than the non-calcined counterpart. 

These authors concluded that the adsorption of aqueous TCY by calcined LDH could 

occur by (i) adsorption in the interlayers of structurally restored LDH, (ii) adsorption on 

the external surfaces of structurally restored LDH, and (iii) adsorption on MgO surfaces 

as not all the LDH was restored. When comparing the samples fabricated with various 

ratios, all of them showed similar performances at low TCY concentrations and TCY 

was mostly adsorbed in the interlayer of the LDH. With greater drug concentration, the 

adsorption capacity of the 4:1 sample was the best one. In the 3:1 ratio sample the 

adsorption process followed a crystal-growth model, suggesting that the drug adsorption 

was controlled by the reconstruction of the LDH. Tetracycline adsorption by the 

calcined LDH fitted better a pseudo-second-order kinetics model and the isotherm was 

adjusted to the Langmuir model. 

The removal capacity of, in this case, ZnAl LDH synthesized with various ratios 

(1:1, 3:1 and 5:1) and calcined at four temperatures (573, 673, 773, and 883 K) over 

salicylic acid (SLC) as a model of pharmaceutical pollutants was studied by Elhalil et 

al. (2018). Both molar ratios and calcination temperature were proven to have a great 

effect over the adsorption capacity of the adsorbent. The LDH with 3:1 Zn:Al ratio 

calcined at 573 K gave the best results. The adsorption process took place in two steps: 

first, a rapid process due to the adsorption on the external surface of the crystallites,

followed by a slower process when the reconstruction of the LDH took place (see 

Figure I.9).

Figure I.9. Schematic illustration of the adsorption phenomenon of salicylic acid (SLC) 
onto LDH structure. (Reproduced with permission from Elhalil et al. (2018)).
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Not all the LDH show the memory effect; as seen above, it depends greatly on the 

calcination temperature and the molar ratio used in the synthesis process. The divalent 

metal chosen is also of great importance, Mg2+ and Zn2+ LDH can recover their 

structure when placed in water if they had been calcined at the correct temperature,

however metals like Co2+ or Ni2+ do not show the memory effect under normal 

circumstances, cobalt forms a highly stable Co3O4 spinel even when the calcination has 

been performed at low temperatures (Benito et al., 2008), while nickel would need both 

high pressure and temperature to recover its original structure (Sato, 1988). This was 

verified by Rosset et al. (2019) by synthesizing LDH with Mg, Ni or Zn as Me2+ and Al 

as Me3+ (2:1 ratio, continuous co-precipitation method) as adsorbents for the removal of 

sodium diclofenac (DCF). The structure of the LDH was regenerated, due to the 

“memory effect of the LDH”, in the case of ZnAl and MgAl LDH but not in the sample 

with NiAl, which gave the poorest results (see Figure I.10).  

Figure I.10. XRD patterns of the solids before and after the calcination and after the 
adsorption of diclofenac sodium (DCF). Samples based on Mg (a), Zn (b) and Ni (c). 

(Reproduced with permission from Rosset et al. (2019)).
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Although usually carbonates are used as interlayer anions in the synthesis of LDH, 

other anions can be present. Carbonates are the most common because the synthesis 

process is easier as they do not require an inert atmosphere to prevent the influence of 

atmospheric CO2 and they are going to disappear anyway in the calcination process. 

However, the use of different interlayer anions can greatly influence the interlayer 

distance (Liu et al., 2020) and, thus, change the adsorption capacity of the LDH. Sui et 

al. (2012) synthesized MgAl LDH and studied their capacity to adsorb the antibiotic 

norfloxacin (NFX) in aqueous solution. MgAl LDH were fabricated with three 

Mg2+/Al3+ molar ratios (2:1, 3:1 and 4:1) and with two anions in the interlayer (Co3
2-

and Cl-) (see Figure I.11).

Figure I.11. Adsorption kinetics of NOR on: (a) CO3-MA-LDH and CO3-MAS-LDH, 
(b) Cl-MA-LDH and Cl-MAS-LDH (MAS denotes Mg, Al and Sn, respectively). 

Experimental conditions: initial concentration of NOR: 20 mg/dm3, dose of LDH: 2 
g/dm3, initial pH: 6.7, and T: 298 K. (Reproduced with permission from Sui et al.

(2012)).



Leticia Santamaría Arana 

I.24 

The samples with greater Al3+ content showed a better performance and Cl- as 

interlayer anion increased the adsorption capacity of the LDH. In the case of Cl-–LDH

both the anion exchange process and the electrostatic attraction contributed to the 

adsorption of the antibiotic while only the electrostatic attraction was responsible for the 

adsorption in CO3
2-–LDH. The pseudo-second rate model fitted well the kinetic data 

and the Freundlich model fitted better the equilibrium data than the Langmuir model. 

The initial pH value (3.0 to 11.0) did not significantly influence the adsorption, proving 

the pH buffering ability of the LDH. In the same work, the change of the adsorption 

capacity of the samples with the incorporation of various cations in the structure of the 

LDH was also studied. The authors incorporated Sn4+ as an attempt to increase the 

charge density; however this only resulted in a reduction of the adsorption capacity of 

the LDH.

I.4.4. COMBINED ADSORPTION AND INFLUENCE OF FOREIGN 

SUBSTANCES 

Studies that involve the adsorption of different substances at the same time, or in 

real water samples with the presence of other substances that can deter the adsorption 

process have also been performed. The simultaneous adsorption of two substances can 

lead to different results (Lu et al., 2016; Li et al., 2017).

Chen et al. (2019) studied the combined adsorption of TCY and Cd2+ on MgMn 

LDH. The adsorbents were synthesized by the hydrothermal method at a 2:1 ratio and 

activated with persulfates. The presence of TCY increased the adsorption of cadmium 

and the presence of cadmium sharply increased TCY adsorption. The authors credited

the synergistic effect to the strong complex formation between the adsorbates as both 

the oxygen atoms and naphthamide group on the tetracene structure could bind to Cd2+.

They also compared the results between a calcined and non-calcined MgMn LDH. The 

kinetic experiments showed a betterr adjustment to the pseudo-second-order model in 

TCY adsorption and the isotherm data fitted better the Langmuir than the Freundlich 

model.

Real water samples coming from a dam, a river, three lakes and a wastewater plant 

were used by Panplado et al. (2019) when studying the adsorption capacity of calcined 

MgAl LDH, synthetized by the co-precipitation method with a 3:1 mole ratio, over 
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TCY. The removal capacity of TCY was superior to 90% in all cases.  The process 

involved the utilization of the LDH components to initiate the precipitation of mixed 

metal hydroxides to act as sorbents. Hydrogen bonding and electrostatically induced 

attraction were responsible for a removal accomplished within 4 min. The recovery of 

TCY was tested by dispersing the adsorbents with the antibiotic in several solutions 

with common anions PO4
3−, CO3

2−, SO4
2−, NO3

−, CH3COO−, and Cl−, phosphates giving 

a 98% recovery due to their high charge density.

Boukhalfa et al. (2017) concluded that the adsorption capacity of both ZnAl LDH 

and a K10 montmorillonite on DCF decreased when background electrolytes were 

present while pH did not have a significant effect. LDH was synthesized with a 2:1 ratio 

and the co precipitation method. Kinetic studies revealed that a pseudo-second-order 

model fitted better the experimental results and isotherm experiments fitted better the 

Langmuir over the Freundlich model. Maximum adsorption capacities were 55.46 mg/g 

for the montmorillonite and 737.02 mg/g for the LDH with equilibrium achieved after 5 

and 20 min, respectively.  

The influence of foreign ions such as nitrate, sulfate, carbonate and a hardness agent 

greatly affected drug adsorption in the experiments performed by Sepehr et al. (2017),

(see Figure I.12). They  synthesized  MgAl LDH  with the  urea method  (ratio 2:1) and  

Figure I.12. Effect of increasing concentration of nitrate, sulfate, carbonate and 
hardness on metronidazole (MN) removal efficiency (pH = 9; LDH dose = 6 g/dm3; MN 

conc. = 40 mg/dm3; contact time = 2 h). (Reproduced with permission from Sepehr et 
al. (2017)).
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used them to remove metronidazole (MTD) from water.  Sulfate, nitrate and the 

hardness agent decreased the removal efficiency of the LDH. This may be due to the 

competing effect that they had with the MTD molecules for adsorption. In the case of 

carbonate-LDH, the opposite effect was observed; the removal efficiency was decreased 

at lower concentration of carbonate, and was increased with the increment of carbonate 

concentration. This could be due to the buttering effect of carbonate anions in solution. 

A higher final pH gave better removal results. The adsorption isotherm was described 

with Langmuir, Freundlich, Redlich-Peterson and Sips equation, the latter giving the 

best fit. The maximum adsorption capacity was of 62.8 mg/g. 

Rosset et al. (2020) studied the adsorption capacity of ZnAl LDH (ratio 2:1, co-

precipitation method) over acetylsalicylic acid. The effect of excipient present in 2 

commercial aspirins was tested suggesting that a probable competition existed between 

the SLC and the other components. SLC removal was lower for both samples (62 and 

73%) than for pure SLC sample (92% removal). The first sample had the lowest 

removal, which was probably related to the presence of sodium carbonate, since this 

compound effortlessly occupies the interlayer spacing facilitating the LDH 

reconstruction and thus decreasing the acetylsalicylic acid removal. The adsorption 

kinetics were better adjusted to the pseudo-second order model and the Sips equation 

was more precise in describing the isotherms’ behavior showing that the adsorption 

occurs mainly by chemisorption in a monolayer (maximum adsorption capacity 198 

mg/g).  

I.4.5. USE OF SUPPORTS 

Much effort has been put in the development of a composite LDH + support when 

trying to improve the adsorption capacity of the LDH. Immobilizing the adsorbent into 

a 2D or 3D structure aims at reducing the aggregation of the LDH. Their characteristics, 

adsorption conditions and performances are summarized in Table I.6. 

Wu et al. (2018) prepared MgFe LDH (ratio 3:1, co-precipitation method) supported 

on chitosan to study its removal capacity of both TCY and methyl orange from water. 

Various calcination temperatures were tried (573, 673 and 773 K) and 673 K gave the 

best results, with a maximum adsorption capacity of TCY 195.31 mg/g. The pH change
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did not greatly affect the adsorption processes; the results from initial pH 5 to 9 were 

similar. The presence of different anions in the water sample was studied and the 

monovalent anions had almost no effect while divalent and trivalent had a great effect in 

the adsorption capacity of chitosan-LDH against TCY. The kinetics of both adsorbates 

showed a better fit with the pseudo-second order model and TCY isotherm experiments 

fitted better the Langmuir than the Freundlich model. 

The adsorption capacity of the LDH and the support separately and together has 

been compared by Xiong et al. (2019). They synthesized MgAl LDH (ratio 2:1, urea 

method synthesis) along with Poly(m-Phenylenediamine) (PmPD) to remove DCF from 

actual medical wastewater. The composites were prepared via a chemical oxidation 

polymerization method. The composite had a maximum adsorption capacity of 588.9 

mg/g, while PmPD and LDH on their own had 272 and 104 mg/g, respectively. PmPD 

particles tend to aggregate and a combination with LDH weakened the accumulating 

density of PmPD and increased the specific surface area, which favored diclofenac 

adsorption on LDH-PmPD surface. Its removal efficiency in medical wastewater was 

almost 100% in only 2 minutes with 0.125 g/dm3 of adsorbent. The presence of 

electrostatic attraction, π-π electron-donor-acceptor interaction and N···HO hydrogen 

bonding between diclofenac and LDH-PmPD were responsible for the good adsorbent 

performance. The adsorption kinetics was described with the pseudo-second-order 

model and the isotherm data fitted better the Langmuir model than the Freundlich one. 

Humic acids present in water decreased the adsorption capacity of the samples.

Eniola et al. (2020) studied the separated and combined adsorption performances of 

a modified copper ferrite/NiMgAl LDH composite over oxytetracycline hydrochloride. 

The adsorption capacities went from 106 mg/g (CuFe2O4) and 116 mg/g 

(NiMgAlLDH), to 192 mg/g for the composite. Anionic exchange, electrostatic 

attraction and hydrogen bonding were responsible for the adsorption process. The 

kinetics and isotherm data followed a pseudo-second-order and Langmuir models. 

Three temperatures were tested (303, 313, 323 K) with the last one giving the best 

results, that is, the process was endothermic and spontaneous. In all the cases, 

adsorption performance was better at an acidic pH. The co-adsorption results with 

various salts showed synergistic (CuSO4), neutral (NaHCO3) and antagonistic effect 

(NaCl) on the antibiotic adsorption.  
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Zhou et al. (2017) considered different methods to immobilize the LDH into 

different surfaces such as polypropylene chip, glass slides and metal coins (see Figure 

I.13). Although methods like colloid deposition, sol-gel spin coating and solvent 

evaporation have been previously used, they often suffer from an uncontrollable 

formation of multiple layers due to strong aggregation. For this reason, they used the in 

situ growing strategy to immobilize a LDH film in one step. NiAl, ZnAl, CuFe and 

MgFe LDH (ratio 2:1, urea method) were prepared, and polydopamine was used to 

immobilize the LDH film and study the adsorption capacity of the samples over both 

pharmaceutical compounds and organic dyes. NiAl LDH showed the best adsorption 

capacity for rhodamine B. Further adsorption experiments were performed with NiAl 

LDH. The LDH were immobilized onto the inner wall of the 1.5 mL polypropylene 

centrifuge tube and a dense and homogeneous LDH film with a thickness of 400 nm 

formed onto the tube’s surface. The aqueous solutions containing pharmaceuticals

(ketoprofen, flurbiprofen) or acid organic dyes (rhodamine B or congo red) were put 

into the tube, obtaining a good adsorbance performance of the immobilized LDH. 

Yang et al. (2020) also used and in-situ method to synthesize MgAl LDH/cellulose 

nanocomposite beads and study their amoxicillin adsorption capacity. Cellulose beads 

were produced with an optimal extrusion dropping technology. The synthesis of MgAl 

LDH/cellulose was carried out by the co-precipitation method using urea with no 

calcination afterwards. The  maximum  adsorption capacity  of the  composite was of 

Figure I.13. Photographs and SEM images of the bare and modified polypropylene 
chip, (A) Bare chip, (B) polydopamine (PD) modified chip, (C) NiAl-LDH modified 
chip, (D) SEM cross-sectional view of PD layer, and (E) SEM cross-sectional view      

of NiAl-LDH film. (Reproduced with permission from Zhou et al. (2017)).



Leticia Santamaría Arana 

I.30 

138.3 mg/g. The kinetics of the adsorption process followed better a pseudo-second-

order than a pseudo-first-order model. The isotherms fitted better the Freundlich than 

the Langmuir model which suggested that the antibiotic removal process was mainly 

controlled by chemical adsorption and involved a multiple surfaces system. The 

adsorption mechanism suggested by the authors was an electrostatic interaction that 

drove the combination of anionic amoxicillin group and the positively charged LDH 

particles.  

Chen et al. (2013) fabricated 3D hierarchical MgAl LDH on the surface of SiO2

spheres and studied the LDH adsorption capacity with and without support. A good 

dispersion of the adsorbent particles maximized the contact between the solid surface 

and the water, as shown in a previous study were LDH nanosheets were synthesized on 

a 2D structure (Xu et al., 2006). This planar structure would however encounter 

difficulties in practical operations such as high pressure drop when filled in a column 

for continuous adsorption or inefficient separation from water due to small particle 

sizes. That is why LDH mobilized into SiO2 spheres were more attractive for practical 

operations. The spheres were synthesized with a modified Stöber method and the 

dispersed SiO2-LDH composite was fabricated by a slow co-precipitation method.  An 

ultrasound treatment during growth and aging of the LDH and the removal of free 

electrolytes after precipitation were the two main factors that influenced the formation 

of well dispersed spheres. The adsorption capacity of SiO2-LDH spheres could reach 

758 mg/g for DCF compared to 489 mg/g for the LDH without support and the same 

drug. The adsorption capacity of SiO2-LDH spheres onto ibuprofen and folic acid was 

also tested and found to be around 400 mg/g and 332 mg/g, respectively. 

Li et al. (2015) also used the 3D support strategy to synthesize a structure composed 

of stacks of MgAl LDH with different Mg/Al ratios (3, 2 and 1) arranged directionally 

over γ-AlO(OH) nanowires and amorphous carbon by a biotemplate method (see Figure 

I.14). Carbon was removed through hydrothermal treatment followed by calcination. 

Both the molar ratio and the pH during the hydrothermal process had an important role 

in the formation of the 3D structures. They studied the composite adsorption capacity 

over minocycline and Congo Red with maximum values of 302 and 447 mg/g,

respectively. The isotherms were best described by the Langmuir model and the kinetics 

by the pseudo-second-order model. The main adsorption mechanisms were ion 

exchange, electrostatic adsorption and π−π interaction. A change in pH did not have a 
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significant effect on the adsorption capacity of the composite, due to the amphoteric 

nature of minocycline. 

Hossein Beyki et al. (2017) synthetized a polymeric ionomer together with a CaAl 

LDH (2:1 ratio) by means of the urea method. The magnetic polymer ionomer was 

prepared in several steps that involved the addition of iron, pyridin and epichlorohydrin 

to the cellulose. The magnetite cellulose – LDH (MCL) and the ionomer were used for 

efficient adsorption of diclofenac sodium. The equilibrium time of the magnetic 

ionomer was only of 2 minutes with an uptake of up to 268 mg/g. The kinetic models 

showed a better pseudo-second order fit. In the isotherm studies, the Freundlich model 

was better at a high concentration of diclofenac. The study of the pH effect on the 

removal efficiency showed that the adsorption capacity of the adsorbates went up 

progressively from 3 reaching a maximum removal capacity at 9. 

The use of environmental friendly materials such as biochar or cotton fiber as 

support has also been studied. de Souza dos Santos et al. (2020) fabricated a composite 

with MgAl LDH supported on syagrus coronata biochar that achieved a great efficiency 

in DCF adsorption (see Figure I.15).  The biochar was produced by pyrolysis of the 

endocarp of the palm tree at 673 K. The LDH was synthesized with a 2:1 ratio and the 

co-precipitation method and the biochar was added after the dissolution of the salts. The 

kinetic studies showed that different mechanisms worked depending on the adsorbate 

initial concentration. Low concentrations favored physisorption,  equilibrium time  was 

Figure I.14. Schematic representation of the formation process of MgAl LDH arranged 
over γ-AlO(OH) nanowires. (Reproduced with permission from Li et al. (2015)).
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reached in less than 1 h and data were better fitted to the pseudo-first order model. At 

greater concentrations equilibrium time took up to 6 hours as the adsorption was more 

complex with chemisorption also taking place, and data were better fitted to the pseudo-

second order model. Several isothermal models were used; Sips model gave the best 

results. The effect of the initial pH was also tested with maximum removal efficiency at 

a pH between 6 and 12. 

dos Santos Lins et al. (2019) synthesized MgAl LDH (3:1 ratio, coprecipitation 

method with bovine bone biochar as support for the LDH. The composite was used as 

adsorbent for caffeine removal from water. Kinetic studies showed that the adsorption 

mechanism was better fitted the pseudo-first-order model suggesting a physical 

adsorption. The equilibrium was reached in 20 min achieving a 26.22 mg/g adsorption 

capacity. The isotherm models that better adjusted the experimental data were Redlich–

Peterson and Sips. 

Wang et al. (2018) immobilized NiAl LDH onto cotton fiber via a polydopamine 

functionalization procedure, thus upgrading the adsorption performance of free-standing 

LDH. Its performance on the adsorption of ketoprofen and Congo Red (in addition to 

flurbiprofen, ciprofloxacin, enrofloxacin and bromophenol blue) was tested. Several 

ratios (3:1, 2:1, 1:1, 1:2 and 1:3) were considered, finally choosing 2:1 due to its better 

effectiveness. The kinetics was  studied  with the pseudo-second  order model  and the 

Figure I.15. MgAl LDH supported on biochar as adsorbent of diclofenac sodium 
(DCF). (Reproduced with permission from de Souza dos Santos et al.(2020)).
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isotherms were better fitted to the Langmuir model vs the Freundlich one. The 

maximum adsorption capacities of the composite were 625 and 714 mg/g for ketoprofen 

and Congo red, respectively. The authors also adjusted the adsorbent into different 

devices such as micropipettes, a precolumn or a syringe-driven filter obtaining good 

results in all cases. 

I.4.6. KINETIC AND ISOTHERM STUDIES 

The 82% of the works reviewed in this study used kinetics and isotherm studies to 

describe the adsorption processes. The most common expressions used to try to adjust 

the experimental data are shown in Table I.7. 

Kinetic experimental results are in all cases fitted to pseudo-first and pseudo-second 

order models. When only these models were used, the 83% of the studies were better 

adjusted to the pseudo-second order model and only one work (de Souza dos Santos et 

al., 2020) changed the best fit model depending on the adsorbate concentration, the 

authors suggested that a better fit to the pseudo-first order model was due to 

physisorption, and the pseudo-second order model fitted better when chemisorption also 

took place. The fact that the pseudo-second-order model is usually seen as the best fit 

model can be however due to the introduction of an excess data close to, or at, 

equilibrium. This creates a methodological bias which has promoted it as the number 

one model (Simonin, 2016).

The results in the isotherm studies show that a 63% of the works analyzed fit the 

experimental results to only the Langmuir and Freundlich models. Of them, a 67% of 

the works considered that their data fitted better the Langmuir model. One of the studies 

that considered that the Freundlich model gave a better fit of the results was from 

Mourid et al. (2019). They investigated the removal of sulfamethoxazole by a ZnAl 

LDH with a Zn2+/Al3+ ratio of 1:1, prepared by the co-precipitation method and calcined 

at 773 K. The kinetic results fitted better the pseudo-second-order model and the 

thermodynamic parameters (298, 318 and 333 K) showed that the adsorption was 

governed by physisorption; the process was spontaneous and exothermic. The LDH 

adsorption capacity for the drug reached 4314 mg/g. The recovery of the adsorbents 

with Na2CO3 solution, selected because of the high affinity of carbonate for LDH, 

meant a decrease in their adsorption capacity from 93% to 71% after six cycles. When 
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studying the effect of the pH, the low retention values observed in acidic solutions may 

be explained by partial dissolution of the solid by hydrolysis. The maximum retention 

was obtained for a pH value between 7 and 8. The low retention capacity of the calcined 

LDH at higher pH values may result from competition with the carbonate anions, for 

which the LDH matrix has a very high affinity. 

Studies that used three and even four parameter models to fit their isotherm 

experimental data almost always preferred their adjustments to those given by the 

Langmuir and Freundlich two parameter models. One of the works that most isotherm 

models used was  Younes et al. (2019) (see Figure I.16). They synthesized ZnFe LDH 

with a 4:1 molar ratio by the co-precipitation method and studied its efficiency as 

adsorbent for the removal of DCF. The equilibrium was achieved in 30 min with an 

adsorption capacity of 74.5 mg/g, a pseudo-second order kinetic model gave the best 

adjustment results and the best-fitted isothermal models were those with three and four 

parameters (Sips, Langmuir-Freundlich and Baudu). They also studied the adsorption 

mechanism between the DCF and the LDH with molecular dynamic simulations, 

suggesting both a physisorption, due to the formation of H-bonds between the 

diclofenac and the hydroxyl groups of the LDH, and chemisorption, due to the presence 

of free-bond metal atoms in the LDH surface, took place. In addition, a LDH toxicity 

study was performed in mice showing no toxic symptoms or mortality and, thus, 

concluding that these LDH could be used on different body organs safely. 

Figure I.16. Equilibrium adsorbed amount of diclofenac sodium (DCF) on ZnFe LDH. 
(Reproduced with permission from Younes et al. (2019)).
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I.4.7. ADSORPTION THERMODYNAMICS 

Several works have collected the thermodynamic data for adsorption systems of LDH 

over pharmaceutical compounds. In order to do so, they have performed a series of 

experiments at various temperatures. Most used thermodynamic equations involving 

enthalpy (ΔH), entropy (ΔS) and Gibbs free energy (ΔG), shown in Table I.7.

Thermodynamic results for various drugs and LDH are shown in Table I.8. 

Boukhalfa et al. (2017) studied the adsorption of diclofenac on ZnAl LDH. The 

adsorption process was spontaneous and inversely proportional to the temperature as the 

ΔG° values at various temperatures were negative and decreased with an increase of 

temperature. The negative value of ΔS° implied that an associative mechanism was

involved in the adsorption process and that the adsorbent did not have significant changes 

in its internal structure. The process was exothermic as revealed by the negative values of 

ΔH°. Wu et al. (2018) also found the process of TCY adsorption over MgFe LDH to be 

spontaneous; however, the nature of the adsorption process was endothermic as it implied 

positive enthalpy changes. Positive entropy values showed an increase in randomness of 

the irreversible adsorption process and, thus, a good adsorbate-adsorbent affinity. Sepehr 

et al. (2017) found the metrodinazole adsorption over MgAl LDH to be non-spontaneous 

in nature as indicated by the positive values of free energy (ΔG°, temperatures from 283 

to 303 K). The process was exothermic; ΔG° values went up with increasing temperature 

and the negative values of ΔS° showed that during the adsorption process a decrease in 

the randomness at the solid/liquid interface occurred. 

Xiong et al. (2019) used the Hill model to estimate the number of bonded molecules 

and the adsorption energy at various temperatures to study diclofenac adsorption over 

MgAl LDH. The number of molecules linked per adsorbent site was inferior to one 

indicating a parallel adsorbate position. At higher temperature this number was above one 

showing a change in the diclofenac adsorption geometries, possibly due to the thermal 

agitation effect. The adsorption energy decreased with an increase of temperature, which 

may be associated with a decrease of the adsorbed quantity. 
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I.4.8. RECOVERY OF THE ADSORBENT 

One of the main problems of adsorption technology, due to its difficulty and cost, is 

the regeneration of the adsorbents. It may account for  more than 70% of the total 

operating and maintenance costs of an adsorption system (Goh et al., 2008). A 

regeneration process is successful if it restores the adsorbent to performances similar to 

its initial ones for effective reuse. Several strategies can be followed when trying to 

regenerate the adsorbate, like and oxidation method, washing with and organic solvent 

or basic solution or thermal treatment. Table I.9 describes several adsorbent reuse 

strategies followed when adsorbing pharmaceutical compounds. 

Thermal decomposition (773 K for 12 hours) was used by Rosset et al. (2019) in the 

regeneration of three different samples synthesized: NiAl, MgAl and ZnAl. This 

strategy did not work for neither NiAl nor MgAl samples, were the loss in their DCF 

removal capacity was important in the third and fourth cycle, respectively. ZnAl 

removal capacity, however, did not significantly lower until the eighth cycle. After 

characterizing the samples with XRD and FITR techniques, the authors associated NiAl 

and MgAl problem to both the progressive loss of crystallinity of the samples during the 

reconstruction process of the material (memory effect) and the incorporation of organic 

species (dos Santos et al., 2013). Chen et al. (2013) used an advanced oxidation method 

(Hasan et al., 2012) to decompose the adsorbed drugs using oxone as oxidant and Co2+

as catalyst. Their results were excellent as DCF was eliminated by the oxidation process 

in less than 1 minute and the LDH efficiency did not suffer any apparent loss of 

removal capacity for four consequent cycles (above 90% in the four cases). The use of 

organic solvents like methanol or salts such as NaCl as desorption agents was tried by 

dos Santos Lins et al. (2019). After 6 cycles, their results show no loss in the adsorption 

capacity when methanol was employed and a 35% loss with the use of NaCl. The latter 

lower efficiency could be due to the loss of solubility that caffeine suffers when NaCl is 

present in the solution, which hinders its desorption form the adsorbent. The drug is 

better extracted with methanol because its affinity to the solvent is higher than the 

adsorbent phase. Wang et al. (2018) tested the use of an alkaline solution (NaOH 1 M) 

in cotton supported LDH. The theory supporting this method is the strong affinity that 

OH− has towards the highly positive layers of the LDH. The pipette tip packed with the 

ketoprofen-cotton-LDH was rinsed with the NaOH solution and deionized with water. 
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There was no apparent loss on the removal capacity of the cotton supported LDH after 8 

cycles. The authors found no differences in the morphology or crystal structure of the 

immobilized LDH in the SEM and XRD analysis made after regeneration.

I.5. HYDROTALCITE-LIKE COMPOUNDS AND RELATED MATERIALS 

AS CATALYSTS FOR THE PHOTODEGRADATION OF 

PHARMACEUTICAL COMPOUNDS: SYNTHESIS AND CATALYTIC 

PERFORMANCES 

I.5.1. INTRODUCTION 

At present, large amounts of pharmaceutical compounds are used in several areas, as 

medicine, industry and cosmetics (Michael et al., 2013). This large intake may cause an 

increase in the presence of these compounds in natural environments, due to their 

discharge in untreated wastes or partially treated wastewater. This can hardly be avoided; 

for example, some medicines are excreted unmetabolized by living organisms in 

percentages that can reach even the 90% of the ingested dose. Obviously, this may led to 

the contamination of surface or underground waters (Bethi et al., 2016). Water is one of 

the more abundant compounds in Nature, covering about three quarters of Earth surface. 

However, several factors limit its availability for human intake. Human activities strongly 

affect the quality of water, mainly by the discarding of pollutants, which can provoke 

very negative effects on vegetal and animal species in the ecosystems, and on humankind 

itself (Qadir et al., 2010). In the last years, new contaminants have been detected in the 

environment, being denoted as Emerging Organic Pollutants (EOPs), listed by NORMAN 

Network (NORMAN, 2019) and defined as synthetic or naturally occurring chemicals 

that are not commonly monitored in the environment, but which have the potential to 

enter the environment and cause known or suspected adverse ecological and (or) human 

health effects. More than 700 EOPs pollutants, and their metabolites and transformation 

products, have been reported in European aquatic environments, among them are 

pharmaceutical products, drugs, pesticides, personal care products and industrial 

additives, and some of them can also be considered as anthropogenic markers for 

wastewater contamination (Geissen et al., 2015). In the case of medicines, particularly 

antibiotics, their increasing propagation in the environment is causing the development of 

strongly resistant bacteria, which is an additional and very important health problem 
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(Marti et al., 2014). It is expected that in the next years the main cause of death, 

surpassing those produced by cancer, will be the presence of bacteria multiresistant to 

several families of antibiotic molecules. This situation has been generated by the abuse of 

antibiotics in human medicine and environmental pollution derived from agricultural and 

livestock production. 

Thus, the removal of these pollutants becomes mandatory. Several procedures have 

been proposed, and are being used, for such removal, as solvent extraction, reverse 

osmosis or adsorption (Williams et al., 1999; Park et al., 2009). Adsorption using 

materials from various porous families is probably the most popular method, as these 

materials have low cost, their use is simple and versatile, and they adsorb several types of 

pollutants (Khenniche and Aissani, 2010). The adsorption process is mainly controlled by 

the pH of the aqueous solution, the ionic characteristics of the adsorbent and the 

pollutants, and the ionic strength of the medium. However, this process is based on the 

change of the pollutants from one phase (water) to the other (adsorbent), but does not 

destroy them.  

In this context, Advanced Oxidation Processes (AOPs) constitute a group of 

techniques very attractive for the elimination of these pollutants. They cover chemical, 

photochemical, sonochemical, and electrochemical procedures, including Fenton, 

ozonation, plasma, photocatalysis, and wet air oxidation reactions, among others, but 

almost all the processes are based in the production of •OH radicals (sulfate and chlorine 

radicals can also be used). Other common characteristics are the operation at ambient 

temperature and pressure conditions (or very close to them) and that they attack all the

organic compounds, that is, as they are based on the generation of strong radicals, they 

are not selective to the pollutants. Under optimal conditions, the process may lead to the 

complete mineralization of the pollutants (Miklos et al., 2018).

Several materials have been used for assisting heterogeneous photocatalytic 

processes. Titanium dioxide, TiO2 under anatase structure, is the most used, functional, 

versatile and effective photocatalyst, based on its excellent photoelectric properties, low 

cost, corrosion resistance and non-toxicity for living organisms (Papoulis et al., 2013).

However, TiO2 has an important limitation, its energy band gap is 3.2 eV, and this limits 

its efficiency to the ultraviolet wavelength of 387.5 nm, only 3 - 5% of the solar radiation 

that reaches the Earth surface (Deng et al., 2016). This can be partially solved by 
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dispersing TiO2 on inorganic matrices, or by modifying it with several dopants as noble 

metals, transition metal or non-metals, etc., which can decrease the energy required for its 

activation.  

A different strategy is to substitute TiO2 by other catalyst. For example, clay minerals 

have received large attention (Garrido-Ramírez et al., 2010; Herney-Ramirez et al., 2010; 

Praneeth and Paria, 2017) However, hydrotalcites have received very little consideration, 

although these solids, also called Layered Double Hydroxides, are structurally related to 

clays and exist with a great variety of compositions. The use of these solids for 

photocatalytic removal of organic compounds has been recently reviewed (Mohapatra 

and Parida, 2016) but their use for the degradation of pharmaceutical pollutants has been 

scarcely reported. In this context, the application of this family of solids for catalytic 

photodegradation of pharmaceutical pollutants is reviewed in this chapter. Before, the

structure and methods of preparation of these materials are briefly presented. 

I.5.2. STRUCTURE OF HYDROTALCITES 

The hydrotalcite-like materials, or simply hydrotalcites, are a group of solids whose 

structure and composition are related to the mineral Hydrotalcite, 

Mg6Al2(CO3)(OH)16·4(H2O). These solids have a lamellar structure, with a form similar 

to that of brucite, Mg(OH)2. As they are hydroxides of two cations, they are also called 

Layered Double Hydroxides, and abbreviated LDH. 

The structure and chemical composition of hydrotalcites can be considered derived 

from brucite. Brucite is formed by a hexagonal compact packing of hydroxyl anions, with 

Mg2+ cations occupying all the octahedral holes each two layers, thus generating a 

layered structure. Mg2+ can be substituted by trivalent cations, and each time that this 

substitution occurs, a positive charge is generated, that must be balanced by the 

incorporation of compensating anions in the interlayer region. Thus, the layers are 

positively charged, and compensating anions are located in the interlayer region, just the 

opposite than in clays, reason why hydrotalcites are also known as Anionic Clays, and 

can be seen as a mirror of clays. In the case of Hydrotalcite, one fourth of Mg2+ cations 

are substituted by Al3+, that is, two of eight in the formula given before, and consequently 

two positive charges are generated, compensated by the incorporation of a carbonate 

anion. So, the hydroxyl anions in the formula are structural, that is, they form the 
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octahedral of the structure, while carbonate anions are charge-balancing, and located in 

the interlayer. Besides, a certain amount of water also incorporates to the interlayer 

region, this amount depending on the ambient conditions (Rives and Ulibarri, 1999; 

Rives, 2001; Nalawade et al., 2009; Rives et al., 2013; Mishra et al., 2018). The resultant 

structure is that shown in Figure I.17.  

Figure I.17. Structure of hydrotalcites. 

[MIII(OH)6]3-

[MII(OH)6]4-

H2O

Anion (CO3
2-)
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It is remarkable that hydrotalcite layers can stack on different ways, giving up to 

different polytypes (rhombohedral and hexagonal). More interesting for the application of 

these solids is the large variety of chemical composition that they can show. Thus, a large 

amount of divalent and trivalent cations can occupy the positions that in the parent 

compound are occupied by Mg2+ and Al3+, respectively. Strictly, Hydrotalcite is the 

mineral above referenced, and hydrotalcites are the solids derived from it, considering the 

changes in composition we are commenting on now. Almost all the cations, both divalent 

and trivalent, with size similar to Mg2+ can occupy the octahedral holes maintaining the 

hydrotalcite structure, and hydrotalcites containing a large variety of cations have been 

prepared in the laboratory. Divalent: Ca, Mn, Co, Ni, Cu, Zn, Pd, Pt; Trivalent: Ga, In, Y, 

V, Cr, Mn, Fe, Co, Rh, Ir, Ru, lanthanides, among others. The structure is maintained if 

two or more divalent cations, and/or two or more trivalent cations enter the composition. 

Even more, when monovalent or tetravalent cations that can isomorphically occupy the 

octahedral positions, as Li+ or Zr4+, are incorporated into the composition, the structure is 

also maintained. (Rives and Ulibarri, 1999; Rives, 2001; Nalawade et al., 2009; Rives et 

al., 2013; Mishra et al., 2018).

Besides of the size of the cations, other limiting structural factor is the degree of 

substitution, that is, beginning from an ideal brucite structure the amount of trivalent 

cations that can substitute the divalent ones. The molar fraction of the trivalent cation 

must be ranged between 0.20 and 0.33; in other words, the ratio Me2+/Me3+ must range 

between 2-4. Theoretical calculations have found that the maximum stability is found 

when the degree of substitution is 0.25 (Me2+/Me3+ = 3.0), that is exactly the value 

present in the natural hydrotalcite. If the substitution degree is higher than 0.33, charged 

[Al(OH)6] octahedral must be neighbor among them, creating a repulsion that 

desestabilizes the structure, while for a substitution degree lower than 0.25 the amount of 

compensating anions is very low and their distance very large, also destabilizing the 

structure (Rives and Ulibarri, 1999; Rives, 2001; Nalawade et al., 2009; Rives et al., 

2013; Mishra et al., 2018).

As indicated before, the degree of substitution directly determines the charge of the 

layers, so it conditions the amount of compensating anions. This allows to define the 

anion exchange capacity, AEC as the amount of anions that can be exchanged by a 

determined amount of hydrotalcite, by analogy with the well-known cation exchange 

capacity, CEC of clays. In the natural hydrotalcite the compensating anion is carbonate, 
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and due to its divalent charge, its amount is logically half of the substitution degree. 

When the hydrotalcites are prepared in the laboratory, other compensating anions can be 

incorporated to the structure, as nitrate, halides, borates, hydroxyl (i.e., hydroxyls as 

compensating cations, besides of structural hydroxyls, the resultant hydrotalcite being 

known as meixnerite variety), phosphate, arsenate, sulfate, sulfonates, carboxylates 

(lactate, terephthalate, acrylate, etc.), but also coordination compounds and 

polyoxometalates (polyvanadates, polymolibdates, polywolframates, etc.). In these last 

cases, a new metal is incorporated to the structure, besides of those composing the layers.  

With all these considerations, the general formula of the hydrotalcite family can be 

expressed as [Me2+
1-x Me3+

x (OH)2]x+ (An-)x/n • mH2O, where x is the degree of 

substitution of the divalent Me2+ cations by the trivalent Me3+ cations and consequently 

the charge of the layer, n is the charge of the anion A, and m is the degree of hydration 

(Rives and Ulibarri, 1999; Rives, 2001; Nalawade et al., 2009; Rives et al., 2013; Mishra 

et al., 2018).

When calcined, hydrotalcites tend to transform into oxides. As hydrotalcites are 

composed of divalent and trivalent cations, the calcination tends to form the spinels Me2+

1-x Me3+
x (OH)2]x+, with an excess of the divalent oxide, due to the ratios of both cations 

in the hydrotalcites and in the spinels. The degree of substitution allows to tailor the 

amount of spinel in the final oxide mixture, and if in the compensating anions 

coordination compounds or polyoxometalates, other metal is incorporated to the final 

mixtures of oxides, this strongly influencing their catalytic performance.  

I.5.3. PREPARATION OF HYDROTALCITES 

The preparation of hydrotalcites is a relatively simple laboratory procedure, as the 

thermodynamic tendency to form these compounds is high when the adequate amount of 

cations and anions are present. Thus, the following preparation procedures can be listed 

(Rives, 2001). 

− Coprecipitation: it is the simplest procedure (see Figure I.18). In summary, it 

consists in the preparation of aqueous solutions of the desired metal cations in the 

desired ratios, their mixture, and the increase of the pH up to the precipitation of the 

hydrotalcite. Usually, the pH is increased by adding NaOH, Na2CO3 and/or 

NaHCO3 solutions (or the metallic solutions are added over the alkaline solution). 
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If not special precautions are taken, the interlayer anions should be carbonate, even 

if nor carbonate neither bicarbonate are used for the increase of pH; the reacting 

mixture, due to its strong alkaline pH, reacts with atmospheric CO2 and the formed 

carbonate has a strong tendency to enter into the interlayer. With special 

precautions and selecting adequately the metallic salts used at the beginning of the 

process, nitrates, chlorides, etc., these anions can be incorporated into the interlayer.  

This method has small modifications, which try to avoid the abrupt precipitation of 

the solid. The use of automatic titrators allows to modify the pH very slowly and to 

fix it very precisely to a predetermined value. Other possibility, widely used in the 

preparation of other families of solids, is to carry out the synthesis assisted by the 

hydrolysis of urea. A certain amount of urea is added to the mixture, and this is 

slowly heated, provoking the hydrolysis of the urea, what leads to the formation of 

ammonium carbonate, thus increasing the pH. Therefore, the increase of the pH can 

be controlled by the intensity of the heating, with the advantage that the hydrolysis 

of urea is homogeneous in all the solution, and thus the precipitation leads to more 

uniform and smaller particles. 

Figure I.18. Laboratory procedure for the preparation of hydrotalcites by the 
coprecipitation method. 
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− Anion Exchange: this method allows to obtain a hydrotalcite with a certain 

interlayer anion from the solid containing other anion. The parent solid is put into a 

highly concentrated solution of the second anion, and the exchange proceeds. 

Carbonate-hydrotalcite cannot be used as precursor, since the high affinity of this 

anion to the hydrotalcite interlayer avoids its exchange with other anions. The 

method is applicable for the intercalation of polyoxometallates and other large 

anions, and also if the desired anion is not stable in the initial alkaline conditions 

needed for the precipitation of the hydrotalcite. 

− Reconstruction: as indicated before, hydrotalcites are usually calcined to obtain 

mixtures of oxides. If this calcination is carried out at moderate temperatures, 

usually ≤ 773 K, the solids obtained show memory effect, that is, the solids are able 

to recover the hydrotalcite structure if they are dispersed in an anionic solution. 

Thus, a normal hydrotalcite is obtained, usually containing carbonate and prepared 

by coprecipitation, and calcined. The calcined solid is then dispersed in a solution 

containing the final desired anion and the hydrotalcite structure is now 

reconstructed with this desired anion in the interlayer. As in the previous method, 

this method is especially indicated for the preparation of hydrotalcites containing 

polyoxometallates and other large anions, or if the desired anions are not stable 

under the conditions for coprecipitation synthesis.  

In some cases, the hydrotalcite synthesis is assisted by hydrothermal conditions, in

recent years microwave treatments being frequent, allowing improvement in the 

crystallinity and homogeneity of the solids. 

I.5.4. HYDROTALCITES IN THE PHOTODEGRADATION OF 

PHARMACEUTICALS 

As indicated before, although the use of hydrotalcites as photocatalysts has been 

recently reviewed (Mohapatra and Parida, 2016), the use of these materials for the 

degradation of pharmaceutical pollutants has not been revised. A summary of the main 

conditions and results is included in Table I.10. 
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The catalytic photodegradation of salicylic acid sodium under visible-light 

irradiation has been studied by Zhao et al. (2011). Other pollutants, although not 

pharmaceutical compounds, were also photodegraded, namely sulforhodamine-B, 

Congo Red and chlorinated phenol. The catalysts were a series of Me2+Cr hydrotalcites 

(Me2+ = Cu, Ni, Zn), prepared by mixing a solution containing the metallic nitrates with 

a NaOH solution, and submitting the mixture to a colloid mill rotating at 3000 rpm for a 

short time, followed by a separate aging process at 373 K. Nitrate-containing 

hydrotalcites were thus obtained, the corresponding carbonate-counterparts being 

obtained by anion exchange. These catalysts exhibited 20-times higher photocatalytic 

performance than Degussa P25, attributable to their low band gap (1.6 eV) and their 

abundant surface OH groups. The authors claimed that the high dispersion of CrO6

octahedron in the LDH layer played a key role in responding to visible light and 

photogenerating charge carriers. The LDH matrix provided an ordered dispersion of the 

CrO6 octahedron in the layer; which promoted the efficiency of the excited electron and 

avoided the recombination of electron and hole. The solids showed high recyclable 

stability for three cycles. 

Jácome-Acatitla et al. (2014) prepared MgAl hydrotalcites, with Mg/Al ratios of 

2.0, 2.5, 3.0 by the coprecipitation method (K2CO3/KOH, pH = 9). The resulting 

hydrotalcites were calcined at 723 K. The calcined solids were employed for the 

catalytic photodegradation of sodium naproxen and oxytetracycline hydrochloride, 

under 254 nm UV irradiation. About 90% of sodium naproxen and 70% of 

oxytetracycline hydrochloride were mineralized by the best catalyst (Mg/Al = 2.5) after 

5 h of reaction, showing better behavior than that of commercial Degussa P25 TiO2.

Fluorescence spectroscopy study suggested the generation of hydroxyl radicals as the 

oxidative species, and band gap energies were 3.054 – 3.083 eV. 

Catalysts based on Zn-Al-Ce were prepared by calcination of Ce-doped Zn-Al 

hydrotalcite precursors and used in the photodegradation of paracetamol and rhodamine 

B dye in aqueous solutions under simulated solar light irradiation (Zhu et al., 2016). The 

results showed an increase of the catalytic photoactivity due to the presence of Ce. The 

optimal Ce content was studied and found to be of 5% mole ratio (nCe/n(Zn+Al+Ce)), which 

could be attributed to the increase in the separation efficiency of electrons and holes. 

The most effective calcination temperature was also examined and found to be 1023 K,

which was attributed to the formation of well-crystallized metal oxides. After 240 min, 
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a 98.9% of paracetamol degradation efficiency was achieved (97.8% for rhodamine B) 

and the authors suggested the importance of holes, superoxide radicals and hydroxyl 

radical roles during the photocatalytic process. These catalysts were also proven to be 

stable and reusable up to 10 cycles. 

Di et al., (2017) prepared Zn-Fe carbonate hydrotalcite by coprecipitation, and 

calcined it at several temperatures, using the resultant solids for the degradation of 

ibuprofen. The solid with Zn/Fe ratio of 4 and calcined at 573 K exhibited the best 

efficiency in the degradation of the pharmaceutical compound (the amount degraded 

was not given, although from the plot seems to be c.a. 95%, the rate constant was 1.584 

x 10-2 1/min). The solids were also used for the adsorption removal of As(III) (arsenite), 

obtaining a maximum adsorption capacity of 176.3 mg/g, and for the simultaneous 

removal of ibuprofen and arsenite, finding that the presence of ibuprofen did not affect 

the adsorption of arsenite but, in contrast, the presence of arsenic strongly influenced 

the degradation of ibuprofen, depending on the arsenic species and concentrations. The 

authors indicated that photogenerated h+ played a major role in the process of ibuprofen 

degradation, while arsenic was removed by combined oxidation and adsorption. The 

reusability was also studied for six runs, with excellent behavior. Although the authors 

claimed that the process was effective using other pharmaceuticals, namely 

acetaminophen and diclofenac, but no data on their degradation were given. 

The degradation of caffeine using the solids derived from Zn-Al carbonate 

hydrotalcites has been studied by Elhalil et al. (2017). Various Zn/Al molar ratios were 

considered, namely 1, 3 and 5, and the resulting hydrotalcites were calcined at 573, 673, 

773, 873, 1073, 1273 K for 6 h. As this calcination led to ZnO-ZnAl2O4 mixture, a pure 

ZnO sample was also prepared, and Degussa P-25 TiO2 was also used as reference. The 

best caffeine removal efficiency (97.32%) was shown by the sample with Zn/Al = 3 

calcined at 773 K, and caffeine photodegradation reaction always followed a pseudo- 

first-order kinetics. The catalytic efficiency of the solids derived from the hydrotalcites, 

composed of mixtures ZnO-ZnAl2O4, strongly depended on the calcination temperature, 

attributed to the progressive formation of the active phase ZnO. These solids showed 

better behavior than pure ZnO and also than standard Degussa P25. The authors 

proposed that the crystallinity and good dispersion of ZnO on the surface of the solids 

were important factors in the catalytic performance. 
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The same authors (Elhalil et al., 2019) have used as photocatalysts composites Ag-

ZnO-La2O2CO3 derived from hydrotalcites. The hydrotalcites were formed by the 

coprecipitation method, considering the ratios Zn/(Al+La) of 3 and La/Al of 0, 0.25 and 

0.5. The pH was increased with Na2CO3/NaOH up to 8.5 when only Zn and Al formed 

the hydrotalcite and to 10 for the two samples containing La. The resulting hydrotalcites 

were calcined at 573, 673, 773, 873, 1073, 1273 K. The dried solids were composed of 

LDH and LaCO3OH phases, while ZnO, ZnAl2O4, La2O2CO3 and LaAlO3 were 

observed, in function of the temperature, in the calcined samples. Ag was deposited by a 

solvent-free ceramic process, grinding AgNO3 and LDH in an agate mortar, and then 

calcining them in air at 773 K for 6 h; 1, 3 and 5% Ag contents were considered. The 

solids were applied in the degradation of caffeine under an UV mercury lamp. The Ag-

containing solids were much more active than undoped composites, and also than 

reference ZnO and Degussa P-25 TiO2. The best degradation result, 99.4% after 40 min 

of irradiation, was shown by the solids with La/Al= 0.25 and 5% Ag. The optimal 

catalyst dosage for the degradation of a 20 mg/dm3 of caffeine solution was 0.3 g/dm3.

The catalytic activity was mainly attributed to the interfacial heterostructure in the Ag-

ZnO-Al2O3 surface, and was observed depending on the pH, 9.5 being the optimal 

value. The reusability was evaluated for the best catalyst, being excellent as it showed a 

degradation of 92.98% in the third cycle. 

Yang et al. (2017) prepared a Zn/Fe hydrotalcite by the co-precipitation method, 

with molar ratio of Zn/Fe = 2.0. The anions should be nitrate and carbonate, as the 

nitrates were used as source of the cations, and the pH was increased with NaOH, but 

no special precautions to avoid the carbonate incorporation were reported. The 

hydrotalcite was calcined at 823 and 1023 K to form the photocatalysts, denoted as 

Zn/Fe mixed metal oxide (Zn/Fe-MMO) nanocomposites by the authors, which were 

used for the degradation of the antibiotic tetracycline, and also of the dye methylene 

blue, under visible light irradiation. The catalysts were composed of wurtzite-ZnO and 

spinel-ZnFe2O4 phases. The hydrotalcite, not calcined, was also tested as catalyst, 

showing lower activity than the calcined composites. The degradation reached 90% 

after 60 minutes for the solid calcined at 973 K, following pseudo-first order kinetics. 

The improved catalytic performance of this solid was attributed to the visible-light 

adsorption and more production of photogenerated electron-hole pairs. Based on the 
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trapping radical tests and ESR analysis, the authors suggested that the photodegradation 

occurred with the generation of active radicals (•O2
− and •OH).

The preparation of ZnAl-chloride hydrotalcite (Zn/Al = 2) and its interaction with 

the antibiotics tetracycline and oxytetracycline was considered by Bouaziz et al. (2018).

In this case, nor the hydrotalcite neither the oxides derived from its calcination were 

used for the degradation of the antibiotics, but the interaction between them was studied 

in a different way. First, the antibiotic were intercalated into the interlayer of the 

hydrotalcite, and two methods were considered, the anionic exchange of the chloride 

anions of a previously prepared sample of the hydrotalcite by the antibiotics or the 

preparation of the hydrotalcite in the presence of the antibiotics. That is, having the 

antibiotics in the solution of the cations before increasing the pH for the coprecipitation 

process. Unfortunately, intercalation was not successful, and the antibiotics were 

located on the external surface of the hydrotalcite. The antibiotics were released after 10 

hours. The antibacterial activity of the solids was tested against Escherichia coli and 

Staphylococcus epidermidis, finding lower activity than for the free antibiotics. It is 

proposed that the antibiotics partially degraded in contact with the hydrotalcite. The 

degradation was confirmed under exposure of the solids to UV radiation or under 

storage at increasing temperatures (303, 333 and 393 K).  

Zhu et al. (2018) prepared ZnFe carbonate hydrotalcite (Zn:Fe = 3) by the urea 

assisted coprecipitation. Composites graphene oxide/hydrotalcite was prepared by 

carrying out the hydrotalcite synthesis under the same conditions but in the presence of 

various amounts of graphene oxide, previously submitted to sonication for its 

delamination. The process was completed by hydrothermal treatment for 24 h at 393 K,

centrifugation, drying and calcination at 723 K under nitrogen atmosphere. The 

structure of well-crystallized hydrotalcite was observed in all the X-ray diffractograms. 

The calcined samples showed the presence of ZnO and ZnFe2O4. These composites 

were used towards the degradation of paracetamol under simulated solar light 

irradiation and exhibited a 3.5 times improved catalytic performance as compared to 

pristine ZnFe hydrotalcite sample. This behavior was attributed to the graphene oxide, 

which may increase pollutant adsorption capacity and enhance charge separation 

efficiency. These composites were also applied to the catalytic photooxidation of As(III) 

to As(V). Interestingly, paracetamol degradation was more efficient in the mixed system 

paracetamol/As(III) than in the single paracetamol system, while arsenic was also 
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efficiently removed. The catalysts showed excellent reuse properties, showing a slight 

decrease of performance, 8.1%, after five successive experimental runs, with the 

advantage that can be easily separated and recovered by an external magnet. 

I.6. CONCLUSIONS AND FUTURE PERSPECTIVES 

The presence of pharmaceutical compounds in natural water is an increasing 

problem as these compounds have environmental effects even at low concentrations. 

This is why the need for efficient systems to clean water from emerging contaminants is 

of considerable importance.  

Hydrotalcite-like compounds, also known as Layered Double Hydroxides (LDH), 

are strong contestants as both photocatalysts and adsorbents because of their high 

versatility in chemical composition, the easiness of their synthesis and their good 

properties. LDH effectiveness in the removal of different antibiotics (tetracycline, 

metrodinazole, amoxicillin, norfloxacin, sulfamethoxazole) and NSAID (diclofenac, 

salicylic acid, ibuprofen, ketoprofen, flurbiprofen) from water has been reviewed. 

Several factors such as preparation procedures, structure, the memory effect, and the use 

of support or foreign substances have been described and analyzed. In adsorption, 

Kinetics and isotherm models highlighted the prevalence of pseudo-first and pseudo-

second-order models and Langmuir and Freundlich model, respectively. The 

temperature seems to have a greater effect than the initial pH, with the majority of the 

processes being exothermic and spontaneous. As is one of the main drawbacks of the 

adsorption technique, different strategies to recover the adsorbents in a simple yet 

effective way have also been described.  

Even though much effort has been put into the study of LDH as photocatalysts 

and adsorbents for pharmaceutical compounds over the last years, there are several 

factors that need to be further studied and implemented, such as further study of green 

supports, the use of real water effluents with more than one contaminant, adsorption in 

continuous mode (fixed-bed experiments) or the search for low cost and 

environmentally friendly regeneration methods. Thus, the removal process should be 

studied using larger-scale processes to check its feasibility in full-scale installations at 

an industrial level. 
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There are still many interesting areas to explore for LDH applications. The 

particular structure of these materials can be designed, controlled and adapted to the 

desired purpose, such as the immobilization of enzymes and microorganisms and their 

possible applications as biocatalysts. The synthesis of LDH from industrial metal wastes 

may also be of relevant interest because this method achieves the loop closure of a 

circular economy system.

I.7. SCOPE AND OBJECTIVES OF THIS THESIS 

The objective of the work studied here was to synthesize Layered Double 

Hydroxides (LDH) with aluminum extracted from saline slags and test their function 

once calcined into adsorbents/catalysts for use in the removal of emerging contaminants 

(pharmaceutical compounds) from aqueous media. 

Two different techniques for the removal of contaminants were tested, adsorption 

and photocatalysis. The work carried out has been divided into the different chapters of 

this written report. 

For the use of LDH as adsorbents, different metals were chosen as Me2+ (Co, Mg, 

Ni and Zn) and Al extracted from saline slags always as Me3+ to synthesize 4 different 

adsorbents and test their adsorption capacities of diclofenac and salicylic acid as 

example of emerging contaminants (chapter III). The pH, mass of adsorbent, contact 

time and concentration of pollutant were the parameters used to compare their 

adsorption capacities. The results showed that, in general, the removal of diclofenac was 

greater than that of salicylic acid and LDH synthesized with Zn and Mg showed higher 

adsorption capacities. 1-Butanol conversion was also used as means of basicity and 

acidity characterization and the results compared to the adsorption performance.  

As Zn LDH had the best adsorption performance, it was chosen to synthesize a new 

series of LDH, in this case with Zn always as Me2+ and a combination, in different 

proportions, of Al3+/Ti3+ as Me3+ (chapter IV). Two different series were synthesized; 

one with commercial aluminum and the other with aluminum extracted from saline 

slags and their structural characterization was performed and compared. The adsorption 

capacities of these LDH were also tested for diclofenac and salicylic acid in both batch 

and fixed-bed adsorption. The results showed that the adsorption capacity of the 

samples was better when less titanium was incorporated as Me3+.
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Finally, the adsorption capacities of different commercial adsorbents were also 

tested for comparison purposes (chapter VII). Carbon nanotubes were tested for the 

removal of caffeine and salicylic acid. On the other hand activated carbon and the MOF 

basolite A100 were tested for the removal of DL-1,2-Isopropylideneglycerol (used in 

the production of biodiesel as additive of glycerol); diclofenac and caffeine removal 

were also tested in batch adsorption. 

For the use of LDH as photocatalysts, experiments with TiO2 on its own were 

performed in advance. To prevent the TiO2 from electron-hole recombination, anatase 

was synthesized and modified with different content (0.5-5wt.%) of Fe and Ag (chapter 

V). Two different synthesis techniques were used (sol-gel and wet impregnation) to 

either dope (within the crystalline lattice) or impregnate the anatase with the metals. The 

different catalysts, together with UV light, were tested for the removal of salicylic acid 

of the aqueous media. Results showed that the catalyst most active in the degradation of 

the pollutant were those having the highest Fe content (5wt.%). 

These results were used for the tests performed with LDH as photocatalysts. In this 

study the series with Zn2+/(Ti+Al)3+ LDH synthesized in chapter IV and tested as 

adsorbents, were tested as photocatalysts for the removal of salicylic acid and 

diclofenac (chapter VI). This LDH series performance was compared with the same 

series impregnated with 5wt.% of iron to prevent the electron-hole recombination of 

titanium obtaining better results. In addition, another series Zn2+/(Fe+Al)3+ materials 

with and without 5 wt.% impregnated titanium (Ti4+) are tested as catalysts for 

comparison. Overall, the results showed that the ZnAlTi series were more effective 

catalysts than ZnAlFe for photodegradation of the emerging contaminants diclofenac 

and salicylic acid. 

I.8. PUBLICATIONS GENERATED FROM THIS INVESTIGATION 

Santamaría, L., Vicente, M.A., Korili, S.A., Gil, A. Progress in the removal of 

pharmaceutical compounds from aqueous solution using layered double 

hydroxides as adsorbents: a review. J. Environ. Chem. Eng. (in press). 

Santamaría, L., Gil, A., Vicente, M.A., Korili, S.A., 2020. Chapter 5 - Hydrotalcite-like 

compounds and related materials as catalysts for the photodegradation of 

pharmaceutical compounds: Synthesis and catalytic performances, in: Singh, P., 
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ABSTRACT 

This work presents the synthesis of Me2+ (Co, Mg, Ni and Zn)/Al layered double 

hydroxides (LDH) with a 3:1 molar ratio by the co-precipitation method. Structural 

characterization and comparison of the series has been achieved using powder X-ray 

diffraction (PXRD), scanning electron microscopy (SEM), nitrogen physisorption at 77 K, 

thermogravimetry measurements (TGA), temperature-programmed reduction (TPR), X-ray 

photoelectron spectroscopy (XPS), ammonia temperature-programmed desorption (NH3-

TPD) and point of zero charge (pHpzc). Batch experiments were performed to analyze the 

adsorption capacity of the different LDH on diclofenac and salicylic acid, as example of 

emergent pollutants. The pH, mass of adsorbent, contact time and concentration of pollutant 

were the parameters used to compare the adsorption performance of the synthesized 

materials. Samples showed different behavior and the equilibrium was reached at different 

times, Mg6Al2 and Zn6Al2 showed longer equilibrium times but had higher adsorption 

capacity. Various adsorption and isotherm equation models were employed to study both the 

kinetic and equilibrium results and, in general, the removal of diclofenac was greater than 

that of salicylic acid. 1-Butanol conversion was also used as a means of acidity and basicity 

characterization and the results were compared with the adsorption performance of the 

samples in order to explain the results found. A relationship between the amount of 

pollutants adsorbed and the butenes formed in the dehydrogenation reaction of 1-butanol 

was found. 

III.1. INTRODUCTION 

Even though priority pollutants are still the main focus in wastewater treatment, an 

increasing attention is being given to unregulated emerging contaminants. This type of 

compounds (which range from pharmaceuticals, hormones and steroids to flame retardants, 

gasoline and industrial additives) have undesired effects on the environment and need to be 

monitored in the near future (Petrie et al., 2015). Several techniques can be applied and 

membrane processes (Yangali-Quintanilla et al., 2011), adsorption (Gil et al., 2018) and 

photocatalysis (Santamaría et al., 2020b) have been proven to be amongst the most effective 

(Rodriguez-Narvaez et al., 2017). All of them having pros and cons, adsorption is one of the 

most studied due to its rapid pace and low energy consumption. Even if different adsorbents 

such as active carbons (Gil et al., 2018), zeolites (Kyzas and Kostoglou, 2014) or metal 

organic frameworks (Kyzas and Kostoglou, 2014) have been studied in the past, a new trend 



Leticia Santamaría Arana 

III.2

towards greener adsorbents (Kyzas and Kostoglou, 2014; Rodriguez-Narvaez et al., 2017) 

or, like in this study, integrating hazardous waste remediation, seems to be congruent. 

The secondary aluminum smelting process generates various types of wastes of which 

the largest, in % by mass, are saline slags. Catalogued as hazardous wastes in European 

Waste List (Commission Decision 2014/955/EU of 18 December 2014), they are generated 

because salts are added to prevent oxidation, enhance the thermal efficiency of the process 

and scatter the oxides present in the smelting furnace (Gil et al., 2014). Saline slags have a 

significant economic value. Alas its recovering process is not cost-effective and the wastes 

are currently stored in controlled landfills (Gil, 2005) once its metal fraction has been 

separated. However, aluminum saline slags, as a mixture of oxides, can be used for direct 

applications such as road paving or inert filling for construction or even recovered as a high-

value product and used to synthesize salts or alumina (Gil and Korili, 2016). In this study, 

aluminum extracted from saline slags was used to synthesize layered double hydroxides.

Layered double hydroxides (LDH), also known as anionic clays, are compounds with 

a structure based on that of brucite [Mg(OH)2] with the substitution of some Me2+ for Me3+

which creates a positive charge that is balanced by the presence of anions in the interlayer. 

The possibility of varying the identity and the relative proportions of the Me2+, Me3+ and the 

anions in the interlayer shapes the LDH group, which follows the general formula [Me2+
1-

xMe3+
x(OH)2]x+[An-]x/n∙yH2O. LDH is naturally formed and has a Mg/Al ratio of 3 (x=0.25) 

although ratios between 2 and 4 (0.2 < x < 0.33) are found in synthetic samples. Several 

studies have been completed to define the limits of which metal ions can form LDH such as 

ionic radii (Khan and O’Hare, 2002), solubility products (Kloprogge et al., 2002) or 

thermodynamic factors (Allada et al., 2005). The most commonly used Me2+ cations are Co, 

Cr, Cu, Mg, Mn, Ni and Zn; Al and Fe are usually the Me3+ and the most frequent anion is 

CO3
2-. LDH can be calcined to extract the water and anions of the interlayer and form mixed 

metal oxides (MMO). These MMO have multiple applications primarily as adsorbents (Ni et 

al., 2007) and catalysts (Zhao et al., 2009). MMO can have the ability to recover their 

previous LDH structure when in contact with water of whom hydroxides serve as 

compensating ions, in the so called memory effect which can be used to trap different anions 

in the interlayer space. 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are emerging contaminants and over-

the-counter pharmaceutical compounds used to reduce pain, decrease fever and 

inflammation. Their high consumption rates together with the inability of waste-water 
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treatment plants to efficiently remove some of them have pointed them out as excellent 

chemical markers of wastewater contamination (Ebele et al., 2017). Salicylic acid effects on 

the environment have been studied with different results (Cleuvers, 2004; Hayat et al., 2010; 

Pino et al., 2015; Nunes, 2019) and although in general it has good removal percentages, it 

is usually present in surface waters (Čelić et al., 2019). Diclofenac, with a more acute 

ecotoxicity and lower removal rates in wastewater treatments, has been incorporated into the 

European Commission's watch-list of substances for monitoring in the field of water policy 

2015/495 (Directive 2008/105/EC of the European Parliament and of the Council, 2015).

In this work LDH with various Me2+ (Co, Mg, Ni and Zn) and aluminum extracted 

from saline slags as Me3+ (with a 3:1 Me2+:Me3+ molar ratio) were synthesized by a 

modified co-precipitation method. These synthesized and calcined LDH were then studied 

as adsorbents of diclofenac and salicylic acid, as representative compounds of emergent 

pollutants. Special attention was given to the characterization of acid and basic sites of the 

calcined LDH to tentatively explain the adsorbance performance of rehydrated LDH. 

III.2. EXPERIMENTAL PROCEDURE

III.2.1. MATERIALS 

The materials used for the synthesis of hydrotalcites were: Co(NO3)2 • 6H2O (Panreac, 

≥ 98%), Mg(NO3)2 • 6H2O (Sigma-Aldrich, ≥ 99.99%), Ni(NO3)2 • 6H2O (Panreac, ≥ 98%), 

Zn(NO3)2 • 6H2O (Sigma-Aldrich, ≥ 98%), Na2CO3 (Sigma-Aldrich, ≥ 99.99%), HNO3 was 

used for pH adjustment and NaOH (Panreac) for both pH adjustment and aluminum 

extraction. 1-butanol (Roth, ≥ 99.95%), ammonia (Air Liquide, 99.995 %), helium (Praxair, 

99.999%) and nitrogen (Praxair, 99.999%) were also used. 

The following adsorbates were used without any modification: salicylic acid, (2-

hydroxybenzoic acid, 2-(HO)C6H4COOH, ≥ 99.99%, Sigma-Aldrich) and diclofenac sodium 

salt (2-[(2,6-dichlorophenyl)amino]benzeneacetic acid sodium salt, C14H10Cl2NNaO2,

Sigma-Aldrich). 

III.2.2. HYDROTALCITE-LIKE COMPOUNDS SYNTHESIS 

The aluminum used was extracted from saline slags using the procedure previously 

reported (Santamaría et al., 2020a). The aluminum concentration in the solution was 

determined by ICP-OES and found to be 6.15 (±) 0.14 g/dm3.
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Layered double hydroxides were synthesized by a modified co-precipitation method 

with a molar ratio Me2+:Al3+ of 3:1. Four samples were synthesized using cobalt, 

magnesium, nickel and zinc as Me2+. As an example, solutions 0.0266 mol/dm3 of Zn(NO3)2

• 6H2O and 0.080 mol/dm3 of aluminum were added dropwise to a 0.015 mol/dm3 solution 

of Na2CO3; the final volume was 400 cm3. Both NaOH and HNO3 were used to adjust the 

pH to 10. The mixture was stirred at 333 K and 500 rpm for 1 h and then aged for 24 h. The 

slurries obtained in the washing water were then centrifuged (8000 rpm) and washed several 

times until a pH of 7 was obtained. The samples were then dried for 16 h at 353 K, manually 

grounded with a mortar and calcined for 4 h at 673 K (LDH with Mg was calcined at 823 

K). Samples were named as Co6Al2, Mg6Al2, Ni6Al2 and Zn6Al2, respectively. 

III.2.3. CHARACTERIZATION TECHNIQUES 

Powder X-ray diffraction (PXRD) patterns were measured at room temperature with a 

Siemens D-5000 X-ray diffractometer using a Ni-filtered Cu Kα radiation (λ=0.15418 nm) 

in a 2θ range from 5 to 70° and a scanning rate of 0.2° (2θ)/min. The X-ray source was 

working with 40 kV of voltage and a current of 30 mA.

The morphology of the samples was analyzed by scanning electron microscopy (SEM) 

on a Phenomenom World, XL operating at 15 kV.

N2 physisorption was performed at 77 K with a Micromeritics ASAP 2020 Plus 

adsorption analyzer. The samples (0.4 g) were degassed under vaccum before measurement 

at 423 K for 24 h. The specific surface area (SBET) was evaluated by the BET method in the 

range between 0.05-0.20 of relative pressure. The external surface area (Sext) and the 

micropore volumes (Vμp) were also estimated using the t-plot method.

The thermogravimetric measurements (TGA) were carried out in a Hi-Res TGA2950 

apparatus (TA-Instruments). The samples were heated up from room temperature to 1173 K 

with a 10 K/min heating rate under a dry air atmosphere (60 cm3/min).

Temperature-programmed reduction (TPR) studies were performed on a Micromeritics 

TPR/TPD 2900 instrument under a 30 cm3/min flow of 5% H2 (H2/Ar, Praxair) carrier gas. 

A cold trap was used to retain compounds formed during the precursor decomposition, thus 

avoiding possible interferences with the measured signal. 

X-ray photoelectron spectroscopy (XPS) analyses were carried out on a SSX 100/206 

spectrometer for Surface Science Instruments (USA) equipped with a monochromatized and 
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microfocused Al X-ray source (powered with 20 mA and 10 kV). The pressure within the 

analysis chamber was about 10-6 Pa. The zone analyzed was about 1.4 mm2, and the pass 

energy was set at 150 eV for the general spectra and at 30 eV for the elementary spectra. An 

electron gun set at 8 eV and a nickel grid placed 3 mm above the surface of the samples 

were used to stabilize the charge. The surface adventitious carbon peak, C 1s at 284.8 eV, 

was used as a reference for all the binding energies. When required, spectra were 

decomposed with the CasaXPS program (Casa Software Ltd., UK) with a 

Gaussian/Lorentzian product function after subtraction of a nonlinear baseline.  

NH3 adsorption and subsequent temperature-programmed desorption (NH3-TPD) were 

carried out in a Hiden CATLAB-PCS combined microreactor and mass spectrometer (MS) 

system equipped with a quadrupole. Three steps were followed to perform the experiments: 

(1) stabilization of a flow of pure Ar (30 cm3/min) at 323 K for 25 min in order to check the 

sensitivity factor of Ar and therewith to determine that of NH3 during the later TPD (through 

the previously calibrated Ar/NH3 sensitivity factors ratio) and subsequent heating to 673 K 

(still under 30 cm3/min of pure Ar); (2) adsorption of NH3 at 423 K for 1.5 h from a 95:5 

Ar/NH3 flow (25 cm3/min) mixed with a flow of pure Ar (5 cm3/min); (3) flush at 423 K 

under pure Ar (30 cm3/min) for 2.5 h in order to eliminate physisorbed NH3 and subsequent 

TPD from 423 to 923 K (10 K/min, still under 30 cm3/min of pure Ar) in order to desorb 

chemisorbed NH3. The amount of NH3 desorbed allows the number of acid sites to be 

calculated, the desorption temperature reflects the strength of these sites. 

The point of zero charge was determined with the salt addition method. A 0.01 

mol/dm3 NaCl solution was used as background electrolyte. A background solution (50 dm3)

was apportioned into various flasks kept in series with increasing pH values from 2 to 12. 

0.15 g of adsorbent was added to all these flasks and the change in pH of each solution was 

recorded after shaking the samples for 48 h. This change in pH was plotted against the initial 

pH values on the graph, and the PZC was identified as the pH when pH=0. 

III.2.4. 1-BUTANOL CONVERSION PROCEDURE 

The dehydration and dehydrogenation reactions were carried out in a two-reactor 

system, one used as a blank with only glass balls inside (500 to 800 μm) and the other with 

180 mg of catalyst mixed with glass balls up to a bed height of 2 cm and extra 0.5 cm of 

balls to homogenize the gas input. Before the reaction, catalysts were sieved, and the particle 

size fraction of 100-200 μm was used. The reactor was placed in a vertical furnace with 
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temperature control. The real reaction temperature was measured by a thermocouple situated 

near the catalyst, in the middle part of the reactor. Sample pretreatment was made at 473 K 

for 2 h under a nitrogen flow (30 cm3/min). After the pretreatment the reactor was heated to 

373 K and nitrogen was saturated with 1-butanol vapor (Roth, ≥ 99.95%). The 1-butanol 

temperature was 337.75 K to obtain a 10% of butanol in the flow. To prevent the 

condensation of 1-butanol or reaction products, all lines from the saturator to the 

chromatograph were heated at 373 K. A first series of 6 chromatograms was performed over 

the blank reactor and then changed to the sample reactor to perform 6 chromatograms every 

50 K from 373 K to 723 K. Unconverted 1-butanol and the dehydration and 

dehydrogenation products were analyzed by a Thermo Scientific Trace 1300 gas 

chromatograph, equipped with a FID detector. A 30m*0.32 mm, 0.25μm (Stabilwax) 

capillary column was used for the separation of the various compounds. In addition, a 

Hayesep column (N 60-80, 0.25m*1/16” SS) with a TCD detector was used to quantify the 

nitrogen. The estimation of the initial contents of both nitrogen and butanol were made from 

the intensities measured in the blank chromatograms and, in the next steps, the other 

components signals were normalized to that of nitrogen. The conversion (%) was defined as 

the ratio of the amount of converted butanol to the amount of butanol detected by the blank 

reactor. The selectivity for each product (%) was defined as: 

(%) = ∗( ∗ %) Eq. III.1

The correction factor was calculated from calibration and taking into account the 

number of carbons of the product. 

III.2.5. ADSORPTION PROCEDURE 

The adsorption isotherms of diclofenac and salicylic acid were determined under batch 

adsorption experiments. The selection of the initial pH was made by adjusting the drug 

solutions (50 μmol/dm3) to a range of several pHs from 2 to 12 by adding HNO3 or NaOH. 

10 mg of the adsorbent were added to the beaker and shaken for 2 h at 298 K. The drug 

concentration in the filtered solutions (0.45 μmol, Durapore) was determined by a Jasco V-
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730 UV–Vis spectrometer. Maximum adsorption wavelengths used were 276 nm for 

diclofenac and 297 nm for salicylic acid. 

The kinetic tests were performed to study both the effect of the adsorbent dose and 

drug concentration. The adsorbent dose was examined by using various amounts of 

adsorbent (15, 30 and 60 mg) in a 150 cm3 solution with a drug concentration of 75 

μmol/dm3. Samples were shaken in a stirring plate throughout the duration of the 

experiments. The effect of the drug concentration was studied by adding 30 mg of the 

adsorbent to solutions with several drug concentrations (25, 50 and 75 μmol/dm3). Samples 

of the solution were taken at various time intervals until equilibrium was attained, or up to 7 

h. The amount of drug adsorbed by the hydrotalcites was estimated by subtracting the initial 

and remaining concentrations, using the following equation: 

, = ∙ ( − , ) Eq. III.2

where C0 (μmol/dm3) is the initial concentration and Ct is the concentration at a time t of the 

organic compound in solution, V (cm3) was the volume of the solution and m (g) was the 

adsorbent mass. The sorption mechanism, i.e. transport of adsorbates inside the adsorbent 

particles was studied considering two kinetic modeling approaches: pseudo-first- (Eq. III.3) 

and pseudo-second-order rate (Eq. III.4) equations were applied using OriginPro program 

(version 2018) to test the experimental data. 

= ( − ) Eq. III.3

= ( − ) Eq. III.4

where qe is the amount of adsorbed solute at equilibrium and qt at a time t (μmol/g), k1 is the 

reaction rate constant of pseudo-first-order and k2 of pseudo-second-order.
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Equilibrium studies were performed to study the hydrotalcites adsorption capacity for 

the two drugs as a function of the contaminant concentration. Glass tubes with 10 cm3 of the 

drug solutions at various concentrations (between 20 and 1000 μmol/dm3) were combined 

with 5 mg of adsorbent and shaken for 7 h. As in kinetic studies, drug concentrations of the 

filtered samples were estimated with UV–visible spectrophotometry and using Eq. (VI.1) 

(Ce, in μmol/dm3, was the drug concentration at equilibrium). 

The equilibrium experimental data obtained were used to better define the interactive 

behavior between solutes and adsorbents. Several models can be considered for that 

purpose. In our study we used Langmuir (Eq. III.5) and Freundlich (Eq. III.6) two-parameter 

isotherms and Toth (Eq. III.7) three-parameter isotherm. Langmuir isotherm assumes 

homogeneous and monolayer adsorption, with each molecule possessing constant enthalpy. 

Freundlich isotherm studies processes that happen in heterogeneous surfaces and defines the 

exponential distribution of the surface active sites. The Toth isotherm is an empirical 

modification of both the Langmuir and Freundlich equations which tries to reduce the

difference between experimental data and predicted value of equilibrium data. This model is 

most useful in describing heterogeneous adsorption systems under both low and high end 

boundaries of adsorbate concentration (Ayawei et al., 2017). 

= ∙ ∙1 + ∙ Eq. III.5

= ∙ ⁄ Eq. III.6

= ∙ ∙[1 + ( ∙ ) ] ⁄ Eq. III.7

where qe (μmol of adsorbate/g of adsorbent) is the amount adsorbed, Ce (μmol/g) is the 

monolayer capacity, kL is related to the adsorption capacity, kF is the equilibrium constant, 

1/mF is the adsorption intensity (also indicates the heterogeneity of the adsorbate sites), kT is 

the Toth isotherm constant and mT characterizes the heterogeneity of the system (Ayawei et 

al., 2017). 
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In addition, the adsorption process in porous adsorbents was also examined with a

fractional approach to the equilibrium, used to estimate the effective diffusion coefficient 

F(t) (Gil et al., 2018): 

( ) = −− = 1 − − Eq. III.8

where D (m2/s) is the intraparticle-diffusion coefficient and r (m) is the particle size radius 

assuming a perfect sphere. 

III.3. RESULTS AND DISCUSSION 

III.3.1. CHARACTERIZATION OF THE ADSORBENTS 

The crystallographic phases present on the fresh LDH and on the calcined samples 

were analyzed by powder X-ray diffraction. The PXRD diffraction patterns obtained for the 

LDH structures dried at 353 K are shown in Figure III.1a. The results showed that single-

phase materials were synthesized with the general formula Me6Al2CO3(OH)16 • 4H2O and 

the 3R1 polytype. The 2θ peaks located at 11.6 and 23.3º correspond to the diffractions of 

(003) and (006) basal planes of the LDH. Cell parameters were calculated using Bragg’s 

equation with results represented in Table III.1. a parameter was calculated as = 2 ( )
and represents the average distance between cations. The different metal ionic sizes of Me2+

in the host layer are responsible for the differences in the metal-metal distance as can be 

seen in Figure III.2. The c-parameter corresponds to three times the basal spacing and is 

related to the thickness of the interlayer distance and was calculated as = 3/2 ( +2 ). c values are also quite similar, as CO3
2- was the interlayer anion in all cases with 

small changes having the opposite tendency to a values. Small differences between the 

samples could be related to changes in interstitial water content or anion orientation/ordering 

(Naseem et al., 2019). The crystallite size is related to the sharpness of the peaks and was 

calculated by the Scherrer equation from the (003) reflection. Zn6Al2 LDH pattern is best 

defined than the other three samples and has at least the double of crystallite size. The 

thickness of the crystallite follows the same trend as the ionic radius and the opposite one to 
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the c parameter. Various authors have suggested that the number of layers of the LDH 

platelet in the order Zn > Co > Mg > Ni could be responsible for the crystallite thickness 

(Hernández et al., 2017; Naseem et al., 2019). A higher crystallinity for Zn6Al2 hydrotalcites 

seems to be a general trend (Johnson and Glasser, 2003; Manivannan and Pandurangan, 

2009; Mahjoubi et al., 2016; Naseem et al., 2019). Overall, (00l) reflections seem to have 

narrower and more symmetric peaks in comparison with (01l) ones. An overlap of the planes 

(009) and (012) can be seen in Co6Al2, Ni6Al2 and especially in Mg6Al2 samples.  

Figure III.1. Powder X-ray diffraction patterns of non-calcined (a) and calcined samples 
(b). 
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The broadening of the (01l) reflections has been associated with stacking faults, in 

particular to the presence of 3R2 motifs introduced into our 3R1 polytype, rather than due to 

particle-size effects (Thomas et al., 2004). These stacking disorders are differentiated from 

turbostratic disorder which manifests in the line shape of the (hk0) reflections. Turbostratic 

disorder appears when successive layers are randomly orientated along the c-

crystallographic axis, resulting in a loss of registry (Prasanna et al., 2007). In our case 

Ni6Al2 sample, having a less defined (110) peak, could be the only sample affected. Samples 

were calcined for 4 h at 673 K (except for Mg6Al2 which was calcined at 823 K) causing the 

destruction of their layered structure and the formation of mixed oxides (see Figure III.1b).  

In the case of the Mg6Al2 sample the periclase crystal structure of magnesium oxide was 

formed and peaks appeared at 35°, 43° and 62° 2θ corresponding to the (111), (200) and 

220) planes, respectively. In the Zn6Al2 sample zincite was formed with peaks appearing at 

32°, 36° and 57° 2θ corresponding to the (100), (101) and (110) planes. Ni6Al2 sample 

transformed into nickel oxide with peaks at 37° (111), 43° (200) and 63° (220). Co6Al2

could have formed a Co3O4 structure with main peaks at 37°, 59° and 65° corresponding to 

(311), (333) and (440) respectively or a CoAl2O4 structure as their diffractogram peaks are 

at the same positions. XPS analysis will confirm the presence of Co3O4 spinel. The 

reconstruction of the LDH structure in the presence of water depends on multiple factors 

such as the temperature of calcination, the formation of spinels and the properties of the 

divalent metal ions present in the matrix. 

Figure III.2. Linear relationship between the dopant ionic radius and a-axis cell parameters. 
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Table III.1. Diffraction positions, crystallite size, c and a parameters of the non-
calcined LDH samples. 

Sample d(003)

(nm)

d(006)

(nm)

c

(nm)

d(110)

(nm)

a

(nm)

Crystallite 

size (nm)

Co6Al2 0.759 0.380 2.282 0.155 0.309 12.9

Mg6Al2 0.765 0.386 2.307 0.153 0.307 9.5

Ni6Al2 0.775 0.387 2.323 0.153 0.305 6.7

Zn6Al2 0.752 0.378 2.263 0.154 0.308 30.3

In our samples, Zn6Al2 and Mg6Al2 will recover its LDH structure in the presence of water 

whereas the memory effect does not appear for Ni6Al2 or Co6Al2. The former would need to 

be heated up to 523 K and 4 MPa for 12 h (Sato et al., 1988) and, in the latter, because of the 

formation of the highly stable Co3O4 spinel even at low temperatures (Benito et al., 2008). 

SEM analysis of the calcined samples was performed and the micrographs obtained 

are shown in Figure III.3. Higher resolution of Figure III.3c and especially Figure III.3a 

allows to distinguish the platelet-like structures, characteristic of hydrotalcite-like 

compounds, still present after calcination. 

Figure III.3. SEM micrographs of the cobalt (a), magnesium (b), nickel (c) and zinc (d) 
samples. 
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EDX analysis shows a relatively small quantity of silicon (around 0.5%) present in all 

samples, which was also confirmed by XPS measurements, see below. Silicon comes from 

the aluminium extraction, as SiO2 is usually present in the saline slags composition (Gil et 

al., 2014). 

The adsorption-desorption isotherms of the samples both uncalcined (423 K) and 

calcined (673 or 823 K) are shown in Figure III.4. They all have a type II adsorption 

isotherm, related to the presence of nonporous or macroporous adsorbents, and a H3 

hysteresis loop (IUPAC classification). This loop is caused by the typical non-rigid 

aggregates of plate-like particles with slit-shaped pores and does not exhibit a limiting 

adsorption at high relative pressures which implies a poor reliability in both the pore 

distribution and total pore volume (Thommes, 2010). The main textural properties of the 

samples dried at 423 K and calcined at 673 K (or 823 K) were summarized in Table III.2. As 

it is frequent with LDH, in all samples the BET surface is greater when the samples are 

calcined: in the case of Zn6Al2 sample the difference is minimal (from 79 to 83 m2/g) but in 

the other three samples it is close to double: from 113 to 200 m2/g in Ni6Al2, from 141 to 

220 in Co6Al2 and from 115 to 245 in Mg6Al2. 

Figure III.4. Nitrogen adsorption-desorption isotherms of non-calcined (a) and calcined (b) 
series of LDH samples 
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 This is due to the inaccesibility of nitrogen to the interlayer surface of the LDH due to 

both the relatively high charge density of the layers and the presence of CO3
2- anions in the 

interlayer gallery (Hernández et al., 2017). The fact that zinc-containing samples have by far 

the smallest BET surface area could be related to its high crystallinity as its crystallite size 

twice bigger than those of all the other samples. 

Table III.2. Textural properties of the non-calcined and calcined LDH samples. 

The thermal analysis behavior of the four LDH were examinated with 

thermogravimetric analysis and differential thermal analysis. The results are represented in 

Figure III.5 and the different mass loss steps are calculated and summarized in Table III.3. 

 The LDH decomposed in five stages and with a total mass loss of between 30 and 

45%. The first step, that goes up to 400 K, is related to the loss of adsorbed water and gases. 

The second, up to 500 K, corresponds to the loss of interlayer water. In the case of Ni6Al2

there is not a clear separation between the two steps. The third step is the biggest one in all 

the samples and is due to the loss of both CO2 (decarbonation) and –OH groups 

(dehydroxylation). In Ni6Al2 and Zn6Al2 two peaks can be observed. This step is located at 

different temperatures, Mg6Al2 is much more resistant to temperature changes than Co6Al2,

whose structure colapses relatively early. That is the reason why Mg6Al2 calcination 

temperature was chosen to be 823 K, to eliminate the carbonates in the interlayer. Steps 4 

and 5 were small and correspond to the formation of the mixed metal oxide and the 

beginning of a sintering process which collapses the pores.  

Sample SBET (m2/g) Sext (m2/g) Vμp (cm3/g)

Co6Al2
uncalcined 141 137 0.0006

calcined 220 169 0.0273

Mg6Al2
uncalcined 115 103 0.0053

calcined 245 218 0.0127

Ni6Al2
uncalcined 113 103 0.0042

calcined 200 189 0.0042

Zn6Al2
uncalcined 79 71 0.0037

calcined 83 73 0.0046
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Table III.3. Mass losses (%) in the steps indicated from the thermogravimetric analyses 
of the LDH samples. 

Step →
Sample ↓

1 2 3 4 5 TOTAL

Co6Al2
300-400 K 400-465 K 465-538 K 538-823 K 823-1173 K

3.95 10.00 12.35 3.4 1.0 30.7

Mg6Al2
300-400 K 400-500 K 500-750 K 750-950 K 950-1173 K

6.8 11.28 23.21 3.29 1.12 45.7

Ni6Al2
300-500 K 500-650 K 650-850 K 850-1173 K

14.69 16.94 3.34 0.86 35.83

Zn6Al2
300-373 K 373-460 K 460-600 K 600-900 K 900-1173 K

1.72 10.45 12.87 3.82 2.08 30.94

Figure III.5. TG and DTG curves of the LDH prepared with extracted aluminum. Total 
mass losses: Co6Al2 = 30.7 %, Mg6Al2 = 45.7 %, Ni6Al2 = 35.83 % and Zn6Al2 = 30.94 %. 
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The following equation (Naseem et al., 2019) was used to calculate the theoretical 

decomposition products of the samples, considering that CO3
2- exits the system as CO2. 

( ) ( ) ∙ · ∆→ (1 − ) ∙ + + Eq.III.9

The observed mass losses compared to those expected theoretically were included in 

Table III.4. The different percentages of mass losses are mainly due to the atomic mass of 

the divalent metals. Large deviations were not found and Zn6Al2 had the best correlation 

between theoretical and empirical results which could be related to its higher crystallinity. In 

the case of Co6Al2 sample, if cobalt is present only as Co3O4, the theoretical residue is larger 

than the measured residue, in accordance with the rest of the samples. This difference could 

be due to the water adsorbed outside the structure. 

Table III.4. Comparison of theoretical remaining mass and measured remaining mass of 
the LDH samples. 

LDH
Theoretical 

oxides structure

Theoretical 

remaining 

mass (%)

Measured 

remaining 

mass (%)

Variance from 

theoretical value

Co6Al2CO3(OH)16 ∙ 4H2O 2Co3O4 +Al2O3 71.89 69.30 -2.59

Mg6Al2CO3(OH)16 ∙ 4H2O 6MgO + Al2O3 56.92 54.30 -2.62

Ni6Al2CO3(OH)16 ∙ 4H2O 6NiO + Al2O3 67.89 64.17 -3.72

Zn6Al2CO3(OH)16 ∙ 4H2O 6ZnO + Al2O3 69.40 69.06 -0.34

X-ray photoelectron spectroscopy (XPS) was used for better understanding the surface 

characteristics of our calcined samples. The surface spectrum of the samples confirmed the 

EDX results, as a small percentage of Si is present in the samples. The relative proportion of 

the metals on the surface are shown in Table III.5. The % of aluminum on the surface is a bit 

higher than the nominal ratio used 3:1. However this increase in Al concentration in the 

surface was to be expected as lighter metals tend to migrate to the surface with the increase 

of the temperature (Li et al., 2009). Spectra corresponding to Co 2p and Ni 2p were 
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presented in Figure III.6. The calcination process of Co6Al2 oxidizes cobalt to form Co3O4

(Figure III.6a) as PXRD diffraction pattern suggested. 

Table III.5. Surface concentration (% atomic) and metals proportions of the calcined 
compounds on the surface of the LDH samples. 

Sample Me2+ Al O C Metals’ 
proportions

Co6Al2 25.6 11 60.2 9.8 Co6Al3.5

Mg6Al2 26.2 8.3 51.9 13.5 Mg6Al1.9

Ni6Al2 21.4 10.7 53.1 14.8 Ni6Al3

Zn6Al2 20.4 8.8 49.5 21.2 Zn6Al2.6

Figure III.6. XPS spectra for Co 2p (a) and Ni 2p (b). 

775780785790795800805

a

Binding Energy (eV)

850860870880890
Binding energy (eV)

b
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Temperature-programmed reduction by hydrogen (H2-TPR) was conducted to study 

the reducibility of the mixed oxides after calcination. Neither Zn6Al2 nor Mg6Al2 give 

significant peaks as can be seen in Figure III.7. Ni6Al2 sample exhibits one peak that goes 

from 600 to 1000 K with a maximum situated at 800 K which corresponds to the reduction 

of NiO to Ni. Co6Al2 profile shows two reduction steps: from 400 to 670 K, Co3O4 reduces 

to CoO and at 950 K changes from CoO to Co. This susceptibility to be reduced can have 

effects on its result in the butanol conversion, which will be later discused. 

III.3.2. ACID AND BASIC SITES CHARACTERIZATION 

Metal oxides have been widely used for the dehydration/dehydrogenation of alcohols. 

Their different reaction pathways are employed as a model reaction that correlates with the 

strength and the concentration of the catalysts acid and basic sites (Gil et al., 2005). 1-

Butanol was used as reagent in this experiment. In general, acid sites tend to give 

predominantly dehydration products whereas basic sites dehydrogenate 1-butanol (Basi et 

al., 2001; Florea et al., 2011; Iriondo et al., 2012). As seen in Scheme III.1, 1-butanol can be 

intramolecularly dehydrated into butene in the presence of acid sites. In a mainly acid 

catalyst, 1-butene will be rapidly isomerized and cis/trans-2-butene will be the main reaction 

products. An intermolecular dehydration can also occur with the formation of dibutylether. 

This mechanism should requires the cooperation of both acid and basic sites to take place 

(Delsarte and Grange, 2004; Florea et al., 2011).  

Figure III.7. H2-TPR profile of Co6Al2, Mg6Al2, Ni6Al2 and Zn6Al2 calcined samples. 
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It can also occur in mainly acid catalysts (Schnee et al., 2017), however at 

temperatures above 550 K 1-butene is the main product (Delsarte and Grange, 2004). In the 

same way, strong basic sites will prevent 1-butanol from being dehydrated and a 

dehydrogenation process will appear instead (Delsarte and Grange, 2004) (see Scheme 

III.2). 1-Butanol is transformed then into butyraldehyde and both can react together to 

produce condensation products such as butyl-butyrate. The active sites of mixed oxides 

obtained by the thermal decomposition of LDH are expected to vary upon modification of 

the Me2+ in the structure. The nature of their active sites has been studied before (Pavel et 

al., 2012): as a guiding principle our samples will have weak Brønsted basic sites related 

with surface HO− groups; Lewis sites of medium-strength which are due to acid-basic pairs 

(both to M2+–O2- and Al3+–O2-); and strong Lewis basic sites which are associated with the 

presence of low coordinated O2-.

Scheme III.1. 1-Butanol dehydration pathways. 

Scheme III.2. 1-Butanol dehydrogenation pathways. 



Leticia Santamaría Arana 

III.20 

When trying to study the active sites’ nature of our samples we have to deal with the 

fact that, in water adsorption experiments, we work mainly with meixnerite-like LDH 

(which are difficult to characterize because of their high degree of hydration) and, in the 1-

butanol conversion, mixed oxides have been formed by LDH calcination. While some 

authors have found a precise correlation (Prinetto et al., 2000) between the basicity of the 

mixed oxides (Lewis-type) and that of meixnerite-like samples (Brønsted-type), others have 

reported a different behavior between Lewis and Brønsted sites (Baertsch et al., 2002). The 

1-butanol conversion with increasing temperatures is shown in Figure III.8a and Table III.6.  

Figure III.8. 1-Butanol conversion and selectivity of Co6Al2, Mg6Al2, Ni6Al2 and Zn6Al2
calcined samples. 
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Co6Al2, Ni6Al2 and Zn6Al2 have a similar behavior and reach 1-butanol conversion of 

around 85% at 623K. However, Mg6Al2 only manages to convert 38%. The results of the 

dehydration of 1-butanol (both to dibutyl ether and butene) show that it is the only sample 

that forms dibutyl ether (38 %, Figure III.8b) and butene is formed by all the catalysts in 

various degrees (Figure III.8c). NH3-TPD experiments were performed on both Mg6Al2 and 

Zn6Al2 for a better understanding of the results (see Figure III.9). Both samples have 

medium strength acid sites assigned to Me2+ and Al3+ (peak at 550 K) and Mg6Al2 also has 

weak acid sites (peak at 475 K). These extra Brønsted acid sites together with the medium 

strength basic sites can favor the formation of dibutyl ether (Berteau, P., Ruwet, M., 

Delmon, B., 1985; León et al., 2011) since the two samples present a very similar density of 

acid centers (5 10-4 mmol/m2). Cosimo et al. (2003) found that ether formation is favored in 

the most hydroxylated samples (first peak in NH3-TPD). In addition, although MgO samples 

have few acid sites, the increasing presence of Al in the samples can be linearly related to 

their growth of acid sites number (Díez et al., 2003). The dehydrogenation process favored 

by basic sites starts to the formation of butyraldehyde, samples selectivity towards it is 

shown in Figure III.8d. Ni6Al2 and Zn6Al2 have a similar selectivity percentage and Co6Al2

has a smaller one. This can be related with the catalysts susceptibility to be reduced. As seen 

in Figure III.6, in the range of temperatures considered (up to 623 K) Co3O4 is reduced to 

CoO in the presence of hydrogen and it should be expected that the most easily reducible 

catalysts would show highest selectivity towards higher degree of oxidation (butyl butyrate 

and heptanone), as seen in Figures III.8e and III.8f (Basi et al., 2001).  

Figure III.9. NH3 TPD patterns for Mg6Al2 and Zn6Al2 calcined samples. 
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The results found show that the LDH samples are characterized by the presence of 

basic surface sites. In the case of Mg6Al2, the sample also presents acid sites since the 

formation of dibutylether requires the cooperation of acid and basic surface sites at this 

temperature. 

Table III.6. 1-Butanol conversion percentages on the samples. 

III.3.3. ADSORPTION EXPERIMENTS

III.3.3.1. Effect of pH on adsorbate adsorption 

Much care has to be taken when choosing the correct pH in adsorbance tests. 

Diclofenac sodium is a salt of a weak acidic drug (pKa = 4.2). At a pH of less than 3, it is 

mainly present in the free acid form which is less soluble than the salt and gives low signal 

in the UV-vis. As the pH increases both the ionized and unionized forms are present and the 

UV-vis signal grows and at a pH higher than 6 only the ionized form exists and the UV-vis 

signal is stable (Chadha et al., 2003). Salicylic acid (pKa = 2.8) is in the protonated form, 

HOC6H4COOH, at a pH smaller than the pKa and in the deprotonated form HOC6H4COO- at 

a pH bigger than 4.5. This deprotonation produces a small shift in the λmax of the UV-vis 

spectrum (Guo et al., 2012).

The point of zero charge of the calcined hydrotalcites was 7.3 for Co6Al2, 7.6 for 

Ni6Al2, 8.3 for Zn6Al2 and 9.9 for Mg6Al2 as shown in Figure III.10. This rise in pH is due 

to the proton consumption that takes place when hydroxides are formed in the meixnerite 

structure. The differences between the samples can be related to the inability of Co6Al2 and 

Sample

Conversion due mainly to acid 

sites (%)
Conversion due mainly to basic sites (%)

Butene
Dibutyl 

ether
Total butyraldehide

Butyl 

butyrate
Heptanone Total

Co6Al2 3.7 0.7 4.4 48.6 34.0 1.4 84

Mg6Al2 5.4 46.4 51.8 29.9 7.8 0.1 37.8

Ni6Al2 7.0 0.4 7.4 61.9 25.7 0.6 86.1

Zn6Al2 13.2 0.5 13.7 65.0 19.2 0.4 84.6
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Ni6Al2 to recover the LDH structure or/and the samples Me2+ average partial charge of 

oxygen which is also observed in the different decarbonation temperatures (see Table III.3, 

step 3) as the carbonates will be more attracted to more strongly charged oxygen (Valente et 

al., 2000). When the pH is higher than the point of zero charge the overall surface charge of 

the adsorbents will be negative which causes an electrostatic repulsion between the 

adsorbate anions, decreasing the adsorption capacity. In addition, at a pH higher than 10.5, 

aluminum hydroxide dissolves and magnesium hydroxide precipitates (Tamura et al., 2006).

Taking all this into account together with adsorption experiments performed at different pH 

(results not shown), a pH of 6 was chosen to perform all the adsorption tests. 

III.3.3.2. Batch adsorption results 

The results of the adsorption experiments for the four samples considering several 

adsorbent doses (100, 200 and 400 mg/dm3) and adsorbate concentrations (25, 50 and 75 

μmol/dm3) are represented in Figure III.11 (diclofenac) and Figure III.12 (salicylic acid). 

The adsorbent dose effect is represented in the first columns of the figures. As usual, an 

increase of adsorbent concentration implies a decline in the adsorption capacity. The change 

in drug concentration is represented in the second column; the increase of adsorbate 

concentration meant an increase of the adsorption capacity of the samples. 

Fig. III.10. Point of zero charge of the LDH samples.
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Figure III.11. Kinetic data for diclofenac adsorbed on Co6Al2 (first range), Ni6Al2 (second 
range), Mg6Al2 (third range) and Zn6Al2 (fourth range) with different amounts of adsorbent 
(first column) and different drug concentrations (second column). Adjustments to pseudo-

first (solid line) and second order (dotted line) models are also shown. 
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Figure III.12. Kinetic data of salicylic acid adsorbed on Co6Al2 (first range), Ni6Al2 (second 
range), Mg6Al2 (third range) and Zn6Al2 (fourth range) with different amounts of adsorbent 
(first column) and different drug concentrations (second column). Adjustments to pseudo-

first (solid line) and second order (dotted line) models are also shown. 
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At a 200 mg/dm3 adsorbent concentration and 75 μmol/dm3 of adsorbate, the 

adsorption capacity of Zn6Al2 was the greatest, 301 μmol/g, followed by Mg6Al2 (159 

μmol/g), Co6Al2 (59 μmol/g) and Ni6Al2 (36 μmol/g). These results are compared in Table 

III.7 with those obtained in various studies using activated carbon from agro-industrial 

wastes. Activated carbon is usually taken as a reference because it has more stable properties 

than other adsorbents (Kyzas et al., 2015). 

Table III.7. Diclofenac adsorption capacities, comparison of several activated carbons 
obtained from different agro-industrial wastes.  

Sample/precursor + 

activator

Adsorption 

conditions

C0

(mg/dm3)

Adsorption 

capacity (mg/g)
Ref.

AC from olive waste + 

H3PO4

1.5 g/dm3, 298 K, 

pH 4.1
14.80 56.2 (Baccar et al., 2012)

AC from olive stones + 

H2SO4

5 g/dm3, 296 K, 

pH 4.2
25-150 11.01

(Larous and Meniai, 

2016)

AC from peach stones + 

H3PO4

2.4 g/dm3, 298 K 30-530 200
(Torrellas et al., 

2015)

AC from cyclamen tubes + 

ZnCl2

5 g/dm3, 298 K,

pH 4
0-100 22.22 (Jodeh et al., 2016)

AC from pine chip + NaOH
1.6 g/dm3, 298 K,    

pH 7
5.923 372 (Jung et al., 2015)

Commercial AC + H2SO4

25-100 mg/L, 298 K, 

pH 4.2-10
25-100 83-487 (Bhadra et al., 2016)

AC from cocoa pod husks
0.25-1.25 g/dm3,

298 K, pH 3-11
10-30 5.53 (De Luna et al., 2017)

Co6Al2 LDH, Al from saline 

slags

0.1-0.4 mg/dm3,

298 K, pH 6
8-24 6-38 This work

Mg6Al2 LDH, Al from 

saline slags

0.1-0.4 mg/dm3,

298 K, pH 6
8-24 16-78 This work

Ni6Al2 LDH, Al from saline 

slags

0.1-0.4 mg/dm3,

298 K, pH 6
8-24 7-16 This work

Zn6Al2 LDH, Al from saline 

slags

0.1-0.4 mg/dm3,

298 K, pH 6
8-24 20-150 This work
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In the case of salicylic acid, in the same conditions, Mg6Al2 and Zn6Al2 show an equal 

92 μmol/g adsorption capacity, Ni6Al2 is not far at 83 μmol/g and Co6Al2 adsorbs the least at 

33 μmol/g. Although both salicylic acid and diclofenac are supposed to form a hydrogen 

bond between their COO- group and the hydroxyl groups of the LDH, salicylic acid tends to 

form an intramolecular hydrogen bond with and adjacent hydroxyl group which causes a 

weaker affinity towards the adsorbent. The results between the samples can be explained 

with the memory effect rather than the textural properties of solids. Zn6Al2 exhibits a much 

higher adsorption capacity than other materials despite its limited textural properties. Co6Al2

and Ni6Al2 are not capable of recovering its previous hydrotalcite configuration which 

means that the interlayer adsorption is not produced causing a decline in their adsorption 

capacity. Two types of kinetic modelling approaches have been proposed by several authors 

to describe the transport of adsorbates inside adsorbent surface and particles. One of these 

types of models considers simple relationships between the adsorption performance and 

operating conditions, showing how the mean adsorbent loading (qt) changes with adsorption 

time (t). The second approach is the use of phenomenological models to describe the physics 

of the adsorption processes. The kinetic behavior of the samples was studied with pseudo-

first and pseudo-second order linear reactions, simple models proposed from the first 

category of models, summarized in Figures III.11 and III.12 and k1 and k2 values in Tables 

III.8 and III.9. The goodness-of-fit of the samples was tested with chi square (χ²) and the 

coefficient of determination (R). The results reveal that the adsorption procedure can be best 

described as a pseudo-second-order linear reaction. The k2 values (see Table III.9) are bigger 

for Co6Al2 and Ni6Al2 samples. The adsorption rate is bigger in those two samples and the 

equilibrium is also achieved faster (less than 100 minutes) than in Mg6Al2 and Zn6Al2

samples. This could be due to: a) the time taken by both LDH to recover their structure 

when put in contact with water and/or b) the time taken by the drugs to enter the interlayer 

in those two samples. An analysis of the k2 values also shows that it decreases as the initial 

organic molecule concentration increases from 25 to 75 μM and as the adsorbent mass 

decreases from 400 to 100 mg/dm3. These results could be related to the number of active 

sites available for adsorption. The effective diffusion coefficient calculations are presented 

in Table III.10. There is no clear tendency in the samples as adsorbent mass and adsorbate 

concentration are increased. However, sample comparison makes clear that D/r2 is 

significantly bigger in Co6Al2 and Ni6Al2 than the other two samples, as expected from the 

adsorption kinetics.
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Constants calculated from the isotherm equations are displayed in Table III.11. All 

models show a good representation of the experimental results (see Figure III.13), although 

the Toth equation shows a better accordance between the theoretical and experimental 

results than Langmuir and Freundlich equations. Toth model has already been proven to 

give a good correlation of adsorption experiments with activated carbons and organic 

molecules (Essandoh et al., 2015).

Figure III.13. Experimental results (scatter) and isotherm adjustment to Langmuir, 
Freundlich and Toth models for diclofenac adsorption on the LDH samples.
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Table III.11. Freundlich, Langmuir and Toth parameters for the adsorption of 
diclofenac by the LDH. Equilibrium time = 24 h, T= 298 K, pH 6. 

Mg6Al2 Zn6Al2

Freundlich
qF 97 91

mF 2.5 2.2

χ2 1047 1756

R 0.95 0.95

Langmuir

qL (mg/g) 1006 1363

kL (cm3/mg) 0.024 0.020

χ2 545 167

R 0.98 0.97

Toth

qt (mg/g) 1980 2013

Kt 0.043 0.025

mT (cm3/mg) 0.39 0.54

χ2 19790 8070

R 0.995 0.999

There may be a relationship between the acid/basic properties of the LDH samples and 

the adsorption capacity of the contaminants. In this case, it is possible to observe a 

relationship between the amount of adsorbed pollutants (per external area) and the acidic 

properties of the adsorbents, see Figure III.14. The figure represents the maximum amount 

adsorbed of the two pollutants and per external area of adsorbent (see Table III.2) in order to 

avoid the limitation of the diffusion of pollutants inside of the structure of the LDH samples. 

As acidic properties, the selectivity to butenes observed in the dehydration reaction of 1-

butanol has been considered. In the case of the basic properties, a similar relationship could 

be obtained, but the samples with the presence of Co and Ni show a greater performance in 

dehydrogenation, related to the properties of these metals, as already mentioned above from 

the TPR analysis performed. 
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Figure III.14. Evolution of the amount of pollutants adsorbed/Sext to the butenes formation 
in the dehydrogenation reaction of 1-butanol. (■) pollutants, (□) dehydration.

III.4. CONCLUSIONS 

A series of LDH with various Me2+ and a ratio of 3:1 was synthesized using Al3+

extracted from saline slags as aluminum source. All the samples have a LDH structure with 

differences between samples mainly due to Me2+ cations. Adsorption experiments of 

diclofenac and salicylic acid as examples of emerging contaminants were performed. Zn6Al2

and Mg6Al2 present the best adsorption capacity mainly due to their ability to recover their 

LDH structure when rehydrated. The adsorption capacities of the adsorbents correspond 

quite well to their acidic properties. Not so much in the case of the basic properties because 

the dehydrogenating capacity of the LDH samples is also affected by the redox properties of 

metals, Ni and Co. 
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ABSTRACT

This work reports the synthesis of Zinc-Titanium-Aluminum (ZnTiAl) layered double 

hydroxides (LDH) with various proportions of Al-Ti and a Zn/(Al-Ti) molar ratio of 3:1 by 

the co-precipitation method. Two series, made with commercial aluminum (Al) and aluminum 

extracted from saline slags (Al*), have been considered. Structural characterization and 

comparison of the two series has been made using powder X-ray diffraction (PXRD), 

Nitrogen physisorption at 77 K, Scanning electron microscopy (SEM), X-ray photoelectron 

spectroscopy (XPS) and Thermogravimetry measurements. The adsorption capacity of 

diclofenac and salicylic acid, as examples of emergent pollutants, by the different LDH on 

batch and fixed-bed column experiments has been analyzed. The effect of various parameters, 

such as the pH, the initial concentration of pollutant, the mass of adsorbent and the contact 

time, on the sorption behavior were studied and compared. The contact time to attain 

equilibrium for maximum adsorption was found to be between 100 – 400 min. The kinetic 

and equilibrium results were correlated to several adsorption and isotherm equation models. 

The synthesized materials were more effective in removing diclofenac than salicylic acid, 

being Zn6Al*2 the hydrotalcite that showed the highest adsorption capacity. The results 

showed a new application of a material obtained from the valorization of an industrial waste 

such as aluminum saline slags. 

IV.1. INTRODUCTION 

Secondary aluminum refers to aluminum that is produced from recycled aluminum. The 

process of recycling aluminum has proven to be very cost-effective as it only uses between 

5% and 20% of the energy needed for the production of primary aluminum and emits barely 

5% of the greenhouse gas (Krammer, 2011; Tsakiridis, 2012); besides, the savings in raw 

materials should be taken into account. However, during the secondary aluminum smelting 

processes, aluminum saline slags are generated. These materials have been classified as 

hazardous wastes and as such must be deposited in secure deposits as their landfill disposal is 

forbidden in most European countries (European Waste Catalogue and Hazardous Waste List, 

2002). Due to their heterogeneous composition, their applications are limited, with one of the 

most promising ones being the recovery of aluminum as a high-value-added product (Gil and 

Korili, 2016). 
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Non-steroidal anti-inflammatory drugs (NSAIDs) are water pollutants of increasing 

concern due to its proven presence in wastewater (Luo et al., 2014; Mompelat et al., 2009). 

Among them, diclofenac and salicylic acid are usually detected in water waste sediments, or 

even in drinking water samples (Carmona et al., 2014; Vulliet and Cren-Olivé, 2011). Several 

compounds have different removal efficiencies in wastewater treatment plants (Korma and 

Lambropoulou, 2014) and a low removal efficiency combined with a high ecotoxicity has 

resulted in diclofenac to be included in the European Commission’s watch-list of substance 

for monitoring in the field of water policy 2015/495 (2015). Diclofenac in extremely low 

concentrations, lower than 1 μg/dm3, has been proven to change the liver ultrastructure of 

rainbow trout, to impair osmoregularity ability of a green shore crab and to significantly 

increase lipid peroxidation of zebra mussel, among other harms (Eades and Waring, 2010; 

Feito et al., 2012; Haap et al., 2008; Nassef et al., 2010; Quinn et al., 2011; Triebskorn et al., 

2007). Salicylic acid was also found to be ecotoxic, although in greater concentrations than 

diclofenac (Caminada et al., 2006; Ginebreda et al., 2010).

The best ways to remove these toxic and persistent organic compounds from water has 

been examined with various procedures such as Fenton processes (Bautista et al., 2008), 

membrane processes (Radjenovic et al., 2008), flocculation (Suarez et al., 2009), 

photocatalysis (Santamaría et al., 2020) or adsorption (Gil et al., 2019). Adsorption methods 

are among the most popular due to their low cost, their capacity to adsorb several types of 

pollutants and their simple and versatile use (Khenniche and Aissani, 2010). 

Layered double hydroxides (LDH) are composed of positively charged brucite-like 

layers with negatively-charged balancing ions in the interlayer regions. They are also known 

as hydrotalcite-like compounds, because of the structural similarity to the natural occurring 

Hydrotalcite mineral, with formula Mg6Al2CO3(OH)16·4H2O. LDH can be easily synthesized 

in laboratory where Mg2+ and Al3+ can be substituted for a large variety of Me2+ and Me3+

metallic cations. Although believed to be synthetic, recent discoveries have found a natural 

occurring Zn-Al-CO3 mineral in Italy and Spain (Lozano et al., 2012). LDH are usually used 

as precursors for fabricating mixed metal oxides (MMO). By calcination at enough 

temperature, the structure collapses as CO3
2- and H2O disappear from the interlayer. If the 

calcination temperature is not excessively high, the resulting solids show, in the presence of 

water, a significant feature of LDH, the so-called “memory effect”, and their original lamellar 

structure is recovered. In a Zn-Al LDH, zinc aluminum hydroxide hydrate is then formed, 

where the LDH is intercalated with OH- as compensating ions in the interlayer (Kikhtyanin et 
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al., 2017). This new compound has been proven to have unique characteristics such as 

intercalation, topological transformation and self-assembly (Li et al., 2014) to be used both as 

adsorbent and catalyst (Goh et al., 2008; Mohapatra and Parida, 2016). The presence of 

metals in the LDH structure opens the opportunity of new applications and can control/modify 

the existents. Several investigators have focused their research work on modifying the 

structure of TiO2 to make it most sensitive, such as doping with transition metals or other 

elements (Gil et al., 2017; Santamaría et al., 2020). The incorporation of Ti in the structure of 

LDH materials can improve the potential of these materials in applications to waste water 

treatments (Gao et al., 2011; Gomes Silva et al., 2009; Mendoza-Damián et al., 2013; Shao et 

al., 2011; Xia et al., 2013). 

The use of LDH for the removal of pollutants by adsorption has been explored by 

several groups, mainly focusing their attention on the removal of anionic pollutants, from 

simple anions (chromate, phosphate, nitrate, arsenate, etc.) to organic contaminants containing 

at least one anionic group (carboxylate, sulphonate, phosphonate, etc.) such as surfactants, 

dyes, herbicides, and pesticides (Costantino et al., 2013; Ulibarri et al., 2001). Other strategy 

involving LDH for the decrease of the amount of contaminants in soils and waters consists on 

the preparation of controlled-release formulations, which supply fertilizers, plant nutrients, 

pesticides, and herbicides in agriculture in a more appropriate way (Costantino et al., 2013). 

This strategy has also been studied for the preparation of controlled-release formulations of 

medicines (Rives et al., 2014). However, the use of hydrotalcites as adsorbents for the control 

of emerging pollutants has been less explored. In the particular case of salycilic acid, Silion et 

al. (2009) have reported its intercalation in LDH solids, and also Haraketi et al. (2016), who 

studied its controlled release, while Gualandi et al. (2011) have reported its removal by 

electrocatalytic oxidation using a Pt electrode coated with a Co/Al hydrotalcite, while up to 

our knowledge, its adsorption by LDH materials from aqueous solutions has been only 

reported by Elhalil et al. (2018). In the case of diclofenac, its intercalation in LDH has been 

reported by Heraldy et al. (2016) and San Román et al. (2012), while Ambrogi et al. (2002) 

studied its controlled release, and Khatem et al. (2015) and Boukhafa et al. (2017) have 

studied its adsorption from aqueous solutions using these materials. 

The main objective of this work was the use of aluminum solutions (Al*) obtained from 

alkaline extraction of saline slag wastes as aluminum source for the synthesis of ZnAlTi 

hydrotalcites by a co-precipitation method. Zinc, as the Me2+ metallic cation, and a 

combination of Al-Ti in several proportions, as the Me3+ metallic cation, were used. Although 
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the use of aluminum slags as a source for the preparation of hydrotalcite type solids has been 

recently explored (Gil and Korili, 2016; Gil et al., 2018), up to our best knowledge the 

preparation and use of ZnAlTi-LDH from this resource have not been reported elsewhere. 

Commercial aluminum solutions (Al) were also used for comparison purposes. The 

synthesized and calcined LDH were then considered as adsorbents for the removal of 

diclofenac and salicylic acid, as representative compounds of emergent pollutants. This 

method of preparation of materials and their use may confer an important applicability, not 

previously reported, to aluminum saline slags. 

IV.2. EXPERIMENTAL PROCEDURE

IV.2.1. MATERIALS 

The materials used for the synthesis of hydrotalcites were: Zn(NO3)2 • 6H2O (≥98%, 

Sigma-Aldrich), Na2CO3 (≥99.99%, Sigma-Aldrich), TiCl3 (≥12%, Sigma-Aldrich), NaOH 

(Panreac) for pH adjustment and aluminum extraction, and Al(NO3)3 • 9 H2O (≥95%, Merck). 

Salicylic acid, (2-hydroxybenzoic acid, 2-(HO)C6H4COOH, ≥99.99%, Sigma-Aldrich) and 

diclofenac sodium salt (2-[(2,6-dichlorophenyl)amino]benzeneacetic acid sodium salt,

C14H10Cl2NNaO2, Sigma-Aldrich) were also used without any modification. 

IV.2.2. HYDROTALCITE-LIKE COMPOUNDS SYNTHESIS 

Al* was extracted from aluminum saline slags using the following procedure: 5 g of 

saline slag were added to 100 cm3 of an aqueous reagent solution (NaOH 2 mol/dm3) in a 

reflux system, stirred at 500 rpm and heated to 373 K for 60 min. The slurries were separated 

by filtration and the aluminum concentration in the solution was determined by ICP-OES and 

found to be 7.03 g/dm3. 

Hydrotalcites were synthesized on a Zn2+:(Al, Ti)3+ 3:1 molar ratio utilizing the co-

precipitation method, with aluminum and titanium proportions being modified in the series. 

As an example, Zn(NO3)2 • 6H2O (0.15 mol/dm3), Al* (0.0375 mol/ dm3) and Ti3+ (0.0125 

mol/ dm3) were added dropwise to Na2CO3 (0.015 mol/ dm3) to a final volume of 400 cm3.

NaOH was used during the process to adjust the pH to 10. The mixture was stirred at 500 rpm 

and 333 K for 60 min and aged for 24 h. The slurries obtained were centrifuged at 8000 rpm 

for 5 min and washed. This process was repeated several times until the washing water 

achieved a pH of 7. The samples were then dried at 353 K for 16 h, manually grounded with a 
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mortar and calcined at 673 K for 4 h. The nomenclature used for the samples was Zn6AlxTiy,

with x+y= 2 to maintain the 3:1 ratio. The same series were synthesized using commercial 

and extracted aluminum. 

IV.2.3. CHARACTERIZATION OF THE ADSORBENTS 

The textural properties of the samples (0.4 g) were analyzed by nitrogen (Praxair, 

99.999%) adsorption-desorption at 77 K (Micromeritics ASAP 2020 Plus adsorption 

analyzer). All samples were degassed beforehand at 423 K for 24 h under a pressure lower 

than 0.1 Pa. The specific surface area (SSA) of the materials was estimated by the Brunauer-

Emmer-Teller (BET) method applied to a relative pressure range of 0.05 – 0.20. The external 

surface area (Sext) and the micropore volumes (Vμp) were also estimated using the t-plot 

method.

The crystalline phase of the samples was identified by powder X-ray diffraction 

(PXRD) using a Siemens D-5000 X-ray diffractometer with Ni-filtered Cu Kα radiation (λ =

0.1548 nm) in a 2θ range from 5 to 80° and a scanning rate of 0.2° (2θ)/min.

Scanning electron microscopy (SEM) was used to analyze the morphology of the 

samples (JEOL, JSM-6400 instrument operating at 20 kV). 

X-ray photoelectron spectroscopy (XPS) analyses were carried out on a SPECS Phoibos 

150 1DDLD spectrometer equipped with an Al Kα source of 1486.7 eV. The surface 

adventitious carbon peak, C 1s at 284.8 eV, was used as a reference for all the binding 

energies. Acquisition parameters and sensibility factors provided by the manufacturer were 

used to normalize peak areas and calculate surface concentrations (% atomic). 

Thermogravimetric measurements were performed on a Hi-Res TGA2950 apparatus 

(TA-Instruments) using a 10 K/min heating rate from room temperature up to 1173 K under 

an air atmosphere (60 cm3/min). 

The salt addition method was used to determine the point of zero charge (Bakatula et 

al., 2018). A 0.01 mol/dm3 NaCl solution was used as background electrolyte. An equal 

quantity of background solution (50 cm3) was apportioned into various flasks kept in series 

with increasing pH values from 2 to 12. 0.15 g of adsorbent was added to all these flasks and 

the change in pH of each solution was recorded after shaking the samples for 48 h. This 

change in pH was plotted against the initial pH values on the graph, and the PZC was 

identified as the pH when ΔpH = 0. 
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IV.2.4. ADSORPTION PROCEDURE 

IV.2.4.1. Batch experiments

The adsorption of diclofenac and salicylic acid on the hydrotalcites was studied by 

determining the adsorption isotherms considering previous works of our research group (Gil 

et al., 2019). The effect of pH was considered up front. Drug solutions (25 μmol/dm3) were 

adjusted to a pH range of 2–12 using either HCl or NaOH, placed in a beaker with 50 mg of 

adsorbent and shaken for 2 h in a stirring plate at room temperature. The dispersions were 

then filtered (0.45 mol, Durapore) and the pollutant concentration remaining in the solution 

was determined by a Jasco V-730 UV-Vis spectrometer at the maximum absorption 

wavelength, 276 and 297 nm for diclofenac and salicylic acid, respectively. 

In the kinetic tests, to study the effect of the drug concentration, 50 mg of adsorbent 

were added to 250 cm3 of solutions with drugs in varying concentrations of 25, 50 and 75 

mol/dm3. The effect of the adsorbent dose was examined by changing the amount of the 

adsorbent (25, 50 and 100 mg) in solutions with an initial drug concentration of 75 mol/dm3.

Throughout the duration of the experiments, samples were shaken in a stirring plate and the 

solution was sampled at various time intervals until equilibrium was achieved, up to 8 h. The 

quantity of organic compound adsorbed by the hydrotalcites was calculated from the 

difference between the initial and remaining concentrations according to the following 

equation: 

, = ∙ ( − , ) Eq. IV.1

where C0 and Ct ( mol/dm3) were the initial and final concentrations of organic compound in 

solution, respectively, V (cm3) was the volume of the solution and m (g) was the adsorbent 

mass.

To describe the transport to adsorbates inside adsorbent particles, several kinetic 

modelling approaches can be considered; in this study pseudo-first- and pseudo-second-order 

rate equations were applied using OriginPro program (version 9.0) to test the experimental 

data. 
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= ( − ) Eq. IV.2

= ( − ) Eq. IV.3

where qe and qt ( mol/g) were the amounts of solute adsorbed at equilibrium and at a certain 

time, t, respectively, k1, and k2 were the reaction rate constants of pseudo-first and pseudo-

second-order rate, respectively. Equations IV.2 and IV.3 are obtained considering mass 

balances to the liquid phase in the batch system and assuming the kinetic models inducted for 

the driving force. After integration, the well-known equations for pseudo-first and pseudo-

second-order kinetic models are found. 

The adsorption capacity of the hydrotalcites in equilibrium was tested by modifying the 

initial drug concentration. 5 mg of adsorbent were added to glass tubes containing 10 cm3 of 

the contaminant solution at initial concentrations between 0 and 1000 mol/dm3. The tubes 

were shaken for 8 h and the concentration of the pollutant remaining in the solution was 

separated from the solid by filtration and the remaining concentration determined by UV–

visible spectrophotometry as in the case of the adsorption kinetic experiments. The amount of 

organic compound adsorbed per unit mass of adsorbent at equilibrium was determined 

according to Eq. (IV.1), where Ce ( mol/dm3) was the concentration of that compound at 

equilibrium.

The equilibrium experimental data obtained were used to better interpret the interactive 

behavior between solutes and adsorbents, considering three equilibrium adsorption isotherms: 

Freundlich, Langmuir and Toth. 

= ∙ / Eq. IV.4

= ∙ ∙1 + ∙ Eq. IV.5
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= ∙ ∙[1 + ( ∙ ) ] / Eq. IV.6

where qe ( mol of adsorbate/g of adsorbent) was the amount adsorbed, Ce ( mol/g) was the 

monolayer capacity, ki the equilibrium constant (kF) or the binding affinity (kL, kT) and mi

characterized the mobility of the molecules adsorbed and the heterogeneity of the system. 

The adsorption process in porous adsorbents was also examined with the estimation of 

the effective diffusion coefficient by applying a fractional approach to the equilibrium, F(t) 

(Khraisheh et al., 2002): 

( ) = −− = 1 − − Eq. IV.7

where D (m2/s) is the intraparticle-diffusion coefficient and r (m) is the particle size radius 

assuming a perfect sphere. 

IV.2.4.2. Fixed-Bed adsorption experiments 

The breakthrough curves of diclofenac and salicylic acid were performed on a column 

of 2 cm in diameter and 12 cm long packed with silicon carbide (0.5 mm) and 25 mg of 

hydrotalcites, in order to complete the volume and avoid dead volume. A solution containing 

20 μmol/dm3 of the organic molecules was fed at a flow of 0.2 cm3/min using a peristaltic 

pump (Ecoline VC-380) in down-flow mode. The effluent from each column was collected at 

various time intervals up to 120 minutes and the amount of remaining pollutants was 

quantified by means of ultraviolet-visible absorption spectrophotometry, as previously 

described for the batch experiments. The results were adjusted to the Thomas model which 

allows for a simple interpretation of the behavior inside the column. This model takes into 

account only direct adsorption in the unused capacity of the adsorbent and ignores the 

intraparticle mass transfer resistance and the external resistance (i.e. the adsorbate adsorbed 

onto the solid surface directly) (Poulopoulos and Vassilis, 2006).The non-linearized Thomas 

equation (Thomas, 1944) can be expressed as follows: 
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= 11 + exp( − ) Eq. IV.8

where C0 ( mol/dm3) and Ct ( mol/dm3) were the influent and effluent adsorbate 

concentration, respectively, at a time t, m was the mass of the adsorbent (g), Q was the 

volumetric flow rate (cm3/min), kTh (cm3/min· mol) was the Thomas rate constant and qads

( mol/g) was the equilibrium adsorbate uptake per g of the stabilized system.

IV.3. RESULTS AND DISCUSSION 

IV.3.1. HYDROTALCITES CHARACTERIZATION

The powder X-ray diffraction patterns of the non-calcined and calcined samples can be 

seen in Figure IV.1. First, a study was conducted on how pH could affect the synthesis of the 

hydrotalcite. The relevance of the pH throughout the synthesis is shown in Fig. IV.1a, when 

keeping the pH stable at 10 during the process, a layered double hydroxide type structure was 

formed (marked as 1). A no crystalline structure or a mixture of hydrotalcite and zincite (ZnO, 

marked as 2) was found when the synthesis pH was lower (pH = 5) or higher (pH = 12) than 

10. When calcined, the structure collapsed and zincite appeared at pH 10 and 12 (see Figure 

IV.1b).  

Figure IV.1. Powder X ray diffraction patterns of non-calcined (a) and calcined (b) samples 
synthesized at various pH values. 
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PXRD diffraction patterns of the non-calcined samples synthesized from commercial 

aluminum (Al) and extracted aluminum (Al*) were compared in Figures IV.2a and IV.3a. The 

crystallinity decreased with the increase of the titanium content and no diffraction reflections 

corresponding to titanium compounds were observed in the XRD patterns, suggesting that 

titanium was incorporated into the octahedral positions of the LDH or well dispersed into the 

LDH structure. The distinct basal (003) reflection, characteristic of hydrotalcite-like materials, 

was found at around 11.7°. The c parameter was calculated using the reflection (003) values,  

c = 3d003, with c corresponding to three times the basal value (see Table IV.1). Several factors 

can affect the c parameter (Mendoza-Damián et al., 2013). The results found in this work can 

be related to the effect of the substitution of Al3+ by titanium, modifying the interaction 

between the brucite-like layer and the interlayer. d had a value of around 0.76 nm in the four  

Figure IV.2. Powder X ray diffraction patterns of non-calcined (a) and calcined (b) samples 
synthesized with commercial aluminum. 
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first samples which accorded well to other experimental results for ZnAl-LDH with 

carbonated anions (Fraccarollo et al., 2010).In the case of Zn6Ti2, the small basal value 

suggested that the hydrotalcite structure was not properly formed. From the experimental 

results obtained, both series of hydrotalcites synthesized were similar between them, with 

more defined hydrotalcite patterns when there was more aluminum in the sample. After 

calcination at 673 K, the structure was destroyed and zincite was found in all the cases (see 

Figures IV.2b and 3b, for Al and Al* samples). No diffraction reflections corresponding to 

TiO2 phases, anatase or rutile, were observed suggesting a high dispersion of the oxides or a 

low crystallinity. To test the memory effect, a study with the sample Zn6Al*2 has been 

considered (see Figure IV.4). 

Figure IV.3. Powder X ray diffraction patterns of non-calcined (a) and calcined (b) samples 
synthesized with extracted aluminum. 
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The calcined sample Zn6Al*2 was submerged in water for 2 h, dried at 353 K and the 

hydrotalcite structure (marked as 1) was recovered, but a part of zincite (marked as 2) also 

remained (see Fig. IV.4c). The elimination of the carbonates in the rehydration experiment 

lowered the basal value from 0.761 to 0.734 nm (see Table IV.1).

Table IV.1. Basal value and interlayer distance of Al* LDH series. 
Sample d(003) (nm) c (nm) Interlayer height(nm)

Zn6Al*2 0.761 2.286 0.291

Zn6Al*1.5Ti0.5 0.752 2.255 0.281

Zn6Al*Ti 0.757 2.270 0.286

Zn6Al*0.5Ti1.5 0.761 2.282 0.290

Zn6Ti2 0.686 2.059 0.215

Rehydrated Zn6Al*2 0.734 2.208 0.263

Rehydrated Zn6Al*2 with diclofenac 1.097-0.746 3.291-2.238 0.626-0.275

Considering the thickness of the host layer to be 0.471 nm (Conterosito et al., 2013), that left 

the interlayer space, occupied by hydroxides in 0.263 nm as opposed to 0.291 nm when the 

interlayer contained carbonates. An aqueous solution of 25 mol/dm3 of diclofenac and 1 

g/dm3 of calcined Zn6Al*2 were also combined for 2 h and the XRD pattern showed a new 

distinctive reflection appearing at 8.05º (2θ degrees) (see Fig. IV.4d), corresponding to an 

interlayer height of 0.626 nm. 

Figure IV.4. Memory effect of Zn6Al*2 hydrotalcite. Non-calcined (a), calcined (b), 
rehydrated (c) and rehydrated with diclofenac (d). 

10 20 30 40 50 60 70

d

In
te

ns
ity

 (a
.u

.)

2  (°)

121+2
2 2 2 21 1111

1

b

2222
2

22

c12
1+2

2 2 2 21 1111

1

111111111

1

1- Zinc Aluminum Carbonate Hydroxide Hydrate
2- Zincite 

a



IV. Zn-Ti-Al layered double hydroxides synthesized from aluminum saline slag wastes as efficient drug adsorbents

IV.13 

The size of diclofenac was between 0.766 and 0.957 nm, thus the molecules were likely 

to be intercalated in an almost horizontal position between the layers (Brindley and Kao, 

1984). 

In order to further study the morphology of the samples, SEM analysis of the materials 

was performed (see Figure IV.5).  

Figure IV.5. SEM micrographs and EDX analysis of Zn6Al*2 (a), Zn6Al*1.5Ti0.5 (b), Zn6AlTi 
(c), Zn6Al0.5Ti1.5 (d) and Zn6Ti2 (e) samples. 
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The characteristic flat structure with sharp edges evidenced that the layered structure 

remained after calcination, as reported elsewhere (Castro et al., 2011; Xie et al., 2006). The 

release of water and CO2 and their replacement by hydroxyl groups did not drastically affect 

the crystal structure of the LDH. The addition of Ti3+ caused morphological modifications of 

the samples. As the proportion of titanium increased, the layered flat structure gradually 

disappeared to form rounder particles which were the only ones remaining in the Zn6Ti2

sample. These results were in accord to the XRD patterns. EDX analyses were also performed 

to determine the composition of the samples. No impurities were observed, however chlorine 

was found because titanium source was TiCl3.

The N2 adsorption-desorption isotherms of dried and calcined samples are presented in 

Figure IV.6. According to the IUPAC classification, type II adsorption isotherms were 

observed in all the samples, related to the presence of nonporous or macroporous adsorbents. 

They all had a type H3 hysteresis loop, typical of non-rigid aggregates of plate-like particles 

(Thommes et al., 2015) with slit-shaped pores of non-uniform size and shape (Lowell et al., 

2004). 

Figure IV.6. The nitrogen adsorption-desorption isotherms of non-calcined (a) and calcined 
(b) Al series and non-calcined (c) and calcined (d) Al* series of LDH. 
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 For the Al series (see Table IV.2), the maximum value of SSA corresponded to the 

sample made at pH = 5, while the minimum value corresponded to the sample obtained at pH 

= 12. For the samples synthesized at pH = 10, the nitrogen monolayer volume increased with 

the addition of titanium: Zn6Al2 sample has a SBET of 81 m2/g, when titanium was 

incorporated the SSA went up to between 142 and 190 m2/g. Similar results were found for 

the Al* series (see Table IV.3). The results of external SSAs and micropore volumes confirm 

the non-porous character of the samples. Since the N2 diameter is larger than the interlayer 

space for carbonate containing layered double hydroxides, the SSA measured by this method 

corresponded to the surface area.  

Table IV.2. Textural properties of the series synthesized with commercial aluminum. 

Sample
SBET

(m2/g)

Sext

(m2/g)

V p

(cm3/g)

SBET

(m2/g)

Sext

(m2/g)

V p

(cm3/g)

Non calcined Calcined

n6Al2 pH10 81 61 0.0079 73 73 0

Zn6AlTi pH10 150 141 0.0025 91 89 0.0002

Zn6 Al0.5Ti1.5 pH10 190 184 0.0008 104 104 0

Zn6 Ti2 pH10 184 184 0 95 95 0

Zn6Al1.5Ti0.5 pH10 142 125 0.0061 103 95 0.0030

Zn6Al1.5Ti0.5 pH5 196 196 0 126 126 0

Zn6Al1.5Ti0.5 pH12 67 65 0.0006 59 58 0.0004

Table IV.3. Textural properties of the series synthesized with extracted aluminum. 

Sample
SBET

(m2/g)

Sext

(m2/g)

V p

(cm3/g)

SBET

(m2/g)

Sext

(m2/g)

V p

(cm3/g)

Non calcined Calcined

Zn6Al*2 pH10 78 69 0.0045 79 69 0.0046

Zn6Al*1.5Ti0.5 pH10 152 145 0.0027 100 91 0.0041

Zn6Al*Ti pH10 152 148 0.0013 93 86 0.0029

Zn6Al*0.5Ti1.5 pH10 199 199 0 95 89 0.0023

Zn6Ti2 pH10 184 184 0 95 95 0

A well-defined hydrotalcite had better crystallinity and bigger particles, whereas poor 

crystalline samples were usually formed by smaller particles, where interactions between 
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particles were bigger, thus increasing the total surface (Albiston et al., 1996; Benito et al., 

2006). Surface areas of LDH prepared with Al and Al* were in the same order, the maximum 

difference was found in Zn6Al1.5Ti0.5: 142 m2/g in the sample with Al and 152 m2/g in the 

sample with Al*. When the samples were calcined, the SSA was decreased in all cases, except 

in Zn6Al2*sample. The samples synthesized at pH = 10 went from a range of 142-190 m2/g to 

a range of 91-104 (Al) and from 152-199 m2/g to 93-100 m2/g (Al*). The SSA were more 

homogeneous after calcination. This surface decrease has been reported before (Hadnadjev-

Kostic at el., 2013) as various types of LDH respond diversely to calcination (Cavani and 

Trifiro, 1991). 

The thermogravimetric analysis of Zn6Al2CO3(OH)16 • 4H2O has been reported by 

several authors (Frost et al., 2005; Theiss et al., 2013), with similar results to the samples 

included in this work (see Figure IV.7). Five mass loss steps were observed and the results 

were summarized in Table IV.4. 

Table IV.4. Mass losses (%) in the steps indicated from the thermogravimetric analyses 
of the LDH series. 

Sample 1 2 3 4 5 TOTAL (%)

Zn6Al2

0-373 K 373-473 K 473-673 K 673-923 K 923-1123 K

2.2 12.0 13.1 2.9 1.1 31.52

Zn6Al1.5Ti0.5

0-383 K 383-458 K 458-673 K 673-923 K 923-1123 K

5.1 6.0 15.1 2.0 0.6 28.87

Zn6AlTi
0-403 K 403-673 K 448-673 K 673-923 K 923-1123 K

3.0 4.6 13.17 2.0 0.6 23.09

Zn6 Al0.5Ti1.5

0-373 K 373-448 K 448-673 K 673-923 K 923-1123 K

2.3 4.2 12.2 1.5 0.3 21.12

Zn6 Ti2

0-473 K 473-698 K 698-923 K 923-1123 K

11.5 10.37 1.4 1.1 24.46

The first two mass losses, at less than 373 K and around 423 K, corresponded to the loss 

of water. Step 1 was associated with adsorbed water and step 2, always bigger than step 1, to 

the loss of interlayer water. The mass of water in Zn6Al2 was equal to 14.2%, with 12% in the 

form of interlayer water, which diminished in the series as the amount of titanium was 

increased. In the sample Zn6Ti2 water loss steps 1 and 2 were combined into one located 

around 373 K. This was due to the poor crystallinity of the sample, the hydrotalcite structure 
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was limited thus there was no interlayer water. The third step, located at around 523 K, was 

the most intense in all the cases with the exception of Zn6Ti2. This step corresponded to a 

combination of dehydroxylation and decarbonation which, in the case of the sample without 

titanium, can be proposed as: 

Zn6Al2CO3(OH)16 Zn6Al2O8CO3 6ZnO • Al2O3

Figure IV.7. TG and DTG curves of the LDH prepared from commercial aluminum (black) 
and extracted aluminum (red). 
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Step 4 and 5 were quite small and usually interpreted as the further decomposition of 

the mixed metal oxide. Results in the series prepared with Al* vs the series with Al were 

close, with a bigger percentage of water loss in samples with commercial aluminum and, 

consequently, a smaller one in dehydroxylation/decarbonation. Impurities brought with 

aluminum, which slightly decreases the crystallinity of the samples, could be responsible for a 

smaller interlayer surface. 

XPS analysis were conducted to study the chemical states on the surface of the five 

samples with Al* and to further analyze the structure variation when Ti3+ was introduced. The 

main differences in the XPS spectra of the samples (Figure IV.8) can be found in the peaks 

for Al* and Ti. The surface concentration (% atomic) and elemental formula of the samples 

(see Table IV.5) were close to predictions, with a slight increase in the amount of aluminum.  

Table IV.5. Surface concentration (% atomic) and proposed elemental formula of the 
calcined compounds on the surface of the LDH. 

Zn Al O Ti Proposed formula

Zn6Al*2 25.6 10.4 55.9 -- Zn6Al*2.4

Zn6Al*1.5Ti0.5 25 8.6 56 1.5 Zn6Al*2.1Ti0.4

Zn6Al*Ti 25.8 5.2 56.5 4.4 Zn6Al*1.2Ti1.0

Zn6Al*0.5Ti1.5 26.8 3.1 55.1 5.9 Zn6Al*0.7Ti1.3

Zn6Ti2 26.5 -- 56.1 9 Zn6Ti2.0

Figure IV.8. XPS spectra for the Al* calcined series.
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High resolution spectra of Zn 2p, O 1s, Al 2p and Ti 2p  were shown in Figure IV.9. 

Core level O 1s spectra were displayed in Figure. IV.9b. After the spectra deconvolution of 

Zn6Al2* three peaks were detected: O-metal at 531.14 eV bound to metal cations of the 

structure, hydroxide at 532.24 eV could appear due to a weak bonded surface oxygen and in 

the form of adsorbed water at 533.04 eV (Lu et al., 2012; Wang et al., 2015). As titanium was 

introduced in the structure, O 1s peaks shifted towards lower binding energies, this was due to 

two factors: the appearance of a Ti-O bond located at 530 eV (Moulder, 1992) moved towards 

the left the O-metal peak, and the decrease of adsorbed water in the interlayer made 

hydrotalcite structure less defined and reduced the peak located at the right. Zinc 2p3/2 (Figure 

IV.9a) peak was located in all cases near 1022 eV, and corresponded to ZnO (Xiong et al., 

2019). There was no direct bond between zinc and titanium as no significant shift was found 

when titanium was introduced in the samples. Ti 2p (Figure IV.9d) spectra showed how the 

intensity of the peaks increased with titanium proportion. Deconvolution of Zn6Ti2 formed 

two peaks at 2p3/2 corresponding to Ti4+ (459.1 eV) and Ti3+ (457.2 eV) and another two 

peaks at 2p1/2 at 464.8 and 463.0 eV for Ti4+ and Ti3+, respectively. The molar percentage was 

calculated to be 14.7% of Ti3+ with Ti4+ accounting for the rest. 

Figure IV.9. XPS spectra of Zn 2p (a), O 1s (b), Al 2p (c) and Ti 2p (d) of the calcined Al* 
series. 
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IV.3.2. ADSORPTION EXPERIMENTS

IV.3.2.1. Batch adsorption results 

The adsorption process depended on several factors such as the pH of the solution, the 

adsorbent dose and the drug concentration. The pH effect was studied up front (Table IV.6).

The best pH values for the adsorption of diclofenac and acid salicylic were 4.2 and 2.7, 

respectively, which were the pH of the aqueous solutions without any modification. For that 

reason, these pH values were chosen for the experiments. It was inferred from the Table that 

the more basic the pH was, the less amount of drugs was adsorbed. 

Table IV.6. Zn6Al*2 adsorption data at various pH values. 

pH qt (diclofenac)
(μmol/g) pH qt (salicylic acid)

(μmol/g)
2 3

2 unstable 2.7 19
4.2 108 4 13
6 72 6 4
8 40 8 0.4

10 no adsorption 10 no adsorption

The kinetic adsorption data for diclofenac and salicylic acid, respectively, on four 

hydrotalcites considering several drug concentrations and adsorbent amounts are presented in 

Figures IV.10 and IV.11. Sample Zn6Ti2 was not capable of adsorbing any of the anti-

inflammatory drugs. The effect of the adsorbent was studied (first columns of Figures IV.10 

and IV.11), considering several quantities: 25, 50 and 100 mg of adsorbent in 0.25 dm3 of 

water and 75 μmol/dm3 of drug. The experiments on diclofenac showed the decrease of the 

adsorption capacity with the increase of adsorbent concentration. This might be due to the 

partial overlapping or aggregation of adsorption sites when the amount of adsorbent was 

raised, which produced a reduction in the available specific surface area (Gil et al., 2019). 

There was a great difference in the adsorption capacity between the samples. With a 100 

mg/dm3 concentration of adsorbent, its adsorption capacity ranged from 38 mol/g in 

Zn6Al*0.5Ti1.5 to more than 409 mol/g in Zn6Al*2. In the case of salicylic acid, the 

adsorption capacity also changed, from 7 mol/g (Zn6Al*0.5Ti1.5) to 80 mol/g (Zn6Al*2). The 

results when the initial drug dose was modified were shown in the second columns.  
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Figure IV.10. Kinetic data for diclofenac adsorbed on Zn6Al*2 (first range), Zn6Al*1.5Ti0.5 
(second range), Zn6Al*Ti (third range) and Zn6Al*0.5Ti1.5 (fourth range) with different 

amounts of adsorbent (first column) and different drug concentrations (second column). 
Adjustments to pseudo-first and second order models are also shown. 
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Figure IV.11. Kinetic data for salicylic acid adsorbed on Zn6Al*2 (first range), Zn6Al*1.5Ti0.5
(second range), Zn6Al*Ti (third range) and Zn6Al*0.5Ti1.5 (fourth range) with different 

amounts of adsorbent (first column) and different drug concentrations (second column). 
Adjustments to pseudo-first and second order models are also shown.
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The quantities of diclofenac and salicylic acid considered ranged from 25 to 75 

μmol/dm3 and the amount of adsorbent was 50 mg, i.e. 200 mg/dm3, in all the experiments. In 

this case, an increase in the initial drug dose favored its adsorption. This was because each 

adsorbent had the capacity to adsorb a fixed amount of adsorbate species. Until this amount 

was reached, an increase in the adsorbate concentration meant an increase in the adsorption 

capacity of the adsorbate. Comparing the adsorbates, the diclofenac adsorption capacity of 

Zn6Al*2 was the greatest (more than 250 mol/g with a 75 μmol/dm3 initial dose of adsorbate) 

and went down until 30 mol/g for Zn6Al*0.5Ti1.5. For the salicylic acid, these amounts went 

from 87 to 10 mol/g, respectively. 

The capacity of the samples to adsorb diclofenac and salicylic acid can be explained by 

means of the point of zero charge values (7.5 – 7.7). A pH below the pHpzc meant that the net 

charge of the adsorbent was positive and a pH above the pHpzc the adsorbent was charged 

negatively. At the pH of the experiments (2.7 for salicylic acid and 4.2 for diclofenac) the 

adsorbents had a net positive charge in their surface. It has been proven that in both the 

salicylic acid and diclofenac adsorption a hydrogen bond between the COO– and the hydroxyl 

groups occurred (Mosangi et al., 2016; Xiong et al., 2019), which can be responsible for 

overcoming the small electrostatic barrier. Considering the quantity of drug adsorbed, the 

amount of diclofenac adsorbed by the four studied hydrotalcites was higher than that for 

salicylic acid. Salicylic acid (see Table IV.7) had a benzene ring attached to a hydroxyl group 

and, adjacent to it, a –COOH group was present. Being the carboxylic group an electron 

withdrawing group, it pulled electrons toward itself and forced the adjacent hydroxyl group to 

give up its electron and to get as proton released. This intramolecular hydrogen bond made 

salicylic acid less prone to bond with the adsorbent. 

The adsorption capacity of the LDH decreased as titanium was incorporated into the 

structure. This was to be expected as the addition of titanium worsened the LDH structure 

(see PXRD and SEM results, Figures IV.3 and IV.5) and less hydroxyl groups were found 

(see XPS results, Figure IV.9). The possible effect of the micropores can be considered 

negligible from the micropore volumes estimated for these samples. 
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Table IV.7. General characteristics of the pharmaceutical drugs adsorbed. 

Diclofenac sodium Salicylic acid

Molecular structure

IUPAC name
Sodium; 2-(2-(2,6-Dichloranilino) 

phenyl)acetate
2-Hydroxybenzoic acid

Chemical formula C14H10Cl2NNaO2 C7H6O3

Molecular mass 318.13 138.12

pKa 4.15 2.97; 13.6

λmax 276 297

Pseudo-first- and pseudo-second-order rate equations were applied to the experimental 

data of Figures IV.10 and IV.11, and k1 and k2 values are shown in Tables IV.8 and IV.9. In 

order to test the best correlation of the experimental data, chi-square (χ2) and the coefficient of 

determination (R) were used. It seemed that the inclusion of data close to, or at, equilibrium to 

determine the best kinetic formula have introduced a methodological bias that has promoted 

pseudo-second-order kinetics as the number one model (Simonin, 2016). For this reason, 

sample collection was stopped once the equilibrium was achieved. The results thus revealed

that the adsorption of both drugs can be best described as a pseudo-first-order linear reaction.

When comparing k1 values results, they were in accord to the experimental data, that is, k1

constant increased with the increase of the initial drug concentration and decreased as the 

adsorbent concentration increased from 100 mg/dm3 to 400 mg/dm3. The preference of any 

adsorbate to link to high energy sites, when available, resulted in faster reaction kinetics and,

as these sites were occupied, lower energy ones will be taken which decelerated the process 

and could explain the evolution of the k1 constants (Chu, 2002). The estimated effective 

diffusion coefficients (Table IV.10) indicated that the intraparticle diffusion had a low effect 

on the adsorption of diclofenac and salicylic acid by the ZnTiAl LDH. As a general effect, it 

was found that the diffusion coefficient decreased when the amount of adsorbent increased 

and tended to increase with the concentration of the pollutant used. 
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Once the equilibrium time was selected, the equilibrium adsorption isotherm of 

diclofenac on the Zn6Al*2 hydrotalcite as adsorbent with a higher adsorption capacity was 

also plotted. Langmuir, Freundlich and Toth isotherm equations modeled the experimental 

data for diclofenac. The results are shown in Figure IV.12 and the goodness of fit of the 

models was evaluated with χ2 and R (see Table IV.11). The adsorption isotherm can be related 

to a L-type behavior according to the classification proposed by Giles (1974). This behavior 

was related to a system in which the contaminant interacted strongly with the surface of the 

adsorbent. The three models fitted well with the experimental data although Toth represented 

the data with more accuracy.  

Table IV.11. Freundlich, Langmuir and Toth parameters for the diclofenac adsorption 
process on Zn6Al*2.

Freundlich Langmuir Toth

qF 58.8 qL ( mol/g) 1172 qT ( mol/g) 3036

mF 3.01 kL (cm3/ mol) 0.015 kT (cm3/ mol) 0.114

χ2 3623 χ2 7490 mT 0.27

R 0.98 R 0.96 χ2 2392

R 0.98

Figure IV.12. Experimental results (scatter) and isotherm adjustment to Langmuir, 
Freundlich and Toth models for diclofenac adsorption on Zn6Al*2.
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IV.3.2.2. Fixed-Bed adsorption results 

Breakthrough behavior of the column adsorption process with diclofenac and salicylic 

acid on the Zn6Al*2 hydrotalcite was also investigated. The breakthrough curves obtained for 

the drugs were included in Figure IV.13. Experimental results were adjusted considering the 

Thomas equation (see Table IV.12). R showed that the Thomas model had good adjustment to 

both drugs. The diclofenac molecule crosses the adsorbent bed at a faster rate than the 

salicylic acid molecule. There were a minor interaction with the adsorbent, which can be 

explained by the larger size of the diclofenac molecule compared to the size of the salicylic 

acid molecule (see Table IV.7). In the batch experiments the time to reach the equilibrium 

was high, between 100 and 400 min, so if the diclofenac molecule could diffuse into the 

adsorbent lattice, it had enough time to do so. In the case of these experiments, it was not 

possible so it is retained in a smaller proportion than salicylic acid. 

Table IV.12. Thomas model parameters for the fixed-bed column adsorption of drugs on 
Zn6Al*2 without pH modification.

Diclofenac Salicylic acid

kTh (cm3/min· mol) 0.035 0.008

qads ( mol/g) 1157 4597
χ2 1.03 0.094
R 0.96 0.98
m 0.0264 0.0264

Figure IV.13. Comparison of the breakthrough curve for diclofenac and salicylic acid in a 
column with 25 mg of Zn6Al*2 and their adjustment to the Thomas model (line). 
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IV.4. SUMMARY AND CONCLUSIONS 

Herein, a new procedure for the recovery of aluminum present in saline slags generated 

during the secondary recycling processes of aluminum as an adsorbent of diclofenac and 

salicylic acid, as examples of emerging contaminants, has been reported. For this purpose, the 

aluminum extracted with aqueous NaOH solutions was used as an alternative source of 

aluminum for the synthesis of hydrotalcite-type ZnTiAl, with a molar ratio Zn/(Al + Ti) = 3 

and several Al/Ti ratios, by a coprecipitation method at pH = 10. The uncalcined and without 

Ti samples evidenced the presence of the typical hydrotalcite structure with a high 

crystallinity from the XRD analyses. As the amount of Ti increased, the crystallinity of the 

samples decreased appreciably. After calcination at 673 K, the hydrotalcite structure was 

destroyed and zincite (ZnO) was found. The textural properties, namely the specific surface 

area, decreased with the calcination temperature, related to the presence of amorphous mixed 

oxides, while increased when incorporating Ti into the structure from 78 to 199 m2/g. By 

calcination of the samples at 673 K, these properties decreased due to the presence of 

amorphous mixed oxides. The presence of Ti in the LDH structure was confirmed by XPS 

analysis. All these characterization results were also confirmed by the synthesis of ZnTiAl 

LDH from aluminum nitrate as a commercial source. 

The kinetic study of the adsorption process showed that 100-400 min were necessary for 

the emerging pollutants/hydrotalcites systems to reach the equilibrium. The hydrotalcites 

synthesized retained more diclofenac than salicylic acid (409 and 80 mol/g, respectively), 

and the adsorption capacity was greater when Ti content in the adsorbents was lower. Zn6Al*2 

solid was very effective in retaining this type of organic pollutants. 
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VIII.1

VIII. SUMMARY AND CONCLUSIONS

In the present work, a new procedure for the recovery of aluminum present in saline

slags generated during the secondary recycling processes of aluminum as 

adsorbent/photocatalyst of diclofenac and salicylic acid, as examples of emerging 

contaminants, has been reported. Results obtained have been extensively analyzed 

throughout the present study. Therefore, the main findings are briefly hereafter 

presented: 

− The synthesis of a LDH series with various Me2+ (Co, Mg, Ni and Zn) with

aluminum extracted from saline slags was performed. The LDH structure was

achieved in all cases with differences between samples mainly due to Me2+

cations.  Batch experiments were performed to analyze the adsorption capacity

of the different LDH on diclofenac and salicylic acid, as example of emergent

pollutants.

− Various adsorption and isotherm equation models were employed to study both

the kinetic and equilibrium results and, in general, the removal of diclofenac

was greater than that of salicylic acid.

− The main differences between the samples were due to their capacity to recover

their LDH structure when rehydrated. Zn6Al2 and Mg6Al2 present the best

adsorption results mainly due to their ability to recover their LDH structure

when rehydrated. They showed higher adsorption capacity although it took

longer for them to achieve equilibrium because of the time taken by both LDH

to recover their structure when put in contact with water and/or the time taken

by the drugs to enter the interlayer in those two samples.
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− In Co6Al2 and Ni6Al2 samples, the adsorption is only external as the structure is 

not recovered in water, which implies lower adsorption capacity but bigger 

adsorption rate, the equilibrium is achieved faster.

− 1-Butanol conversion was also used as a means of acidity and basicity 

characterization and the results were compared with the adsorption 

performance of the samples in order to explain the results found. The 

adsorption capacities of the adsorbents correspond quite well to their acidic 

properties. Not so much in the case of the basic properties because the 

dehydrogenating capacity of the LDH samples is also affected by the redox 

properties of metals, Ni and Co. 

− The effectiveness of the extraction process has been proven, as a comparison of 

LDH made from extracted aluminum versus LDH made from commercial 

aluminum was performed. Structural characterization and comparison of the 

two series has been made using powder X-ray diffraction (PXRD), Nitrogen 

physisorption at 77 K, Scanning electron microscopy (SEM), X-ray 

photoelectron spectroscopy (XPS) and Thermogravimetry measurements. Only 

minimum differences were found between the series. In addition, it should be 

noted the convenience of a basic extraction process that does not imply an 

extra use of sodium hydroxide in the overall production method, as it is no 

longer needed in the LDH synthesis. 

− As Zn LDH had the best adsorption performance, it was chosen to synthesize a 

new series of LDH, in this case with Zn always as Me2+ and a combination, in 

different proportions, of Al3+/Ti3+ as Me3+. The adsorption capacities of these 

LDH were also tested for diclofenac and salicylic acid in both batch and fixed-
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bed adsorption. The results showed that the adsorption capacity of the samples 

was better when less titanium was incorporated as Me3+. 

− The uncalcined and without Ti samples evidenced the presence of the typical 

hydrotalcite structure with a high crystallinity from the XRD analyses. As the 

amount of Ti increased, the crystallinity of the samples decreased appreciably. 

After calcination at 673 K, the hydrotalcite structure was destroyed and zincite 

(ZnO) was found. The textural properties, namely the specific surface area, 

decreased with the calcination temperature, related to the presence of 

amorphous mixed oxides, while increased when incorporating Ti into the 

structure from 78 to 199 m2/g. By calcination of the samples at 673 K, these 

properties decreased due to the presence of amorphous mixed oxides. The 

presence of Ti in the LDH structure was confirmed by XPS analysis.  

− The kinetic study of the adsorption process showed that 100-400 min were 

necessary for the emerging pollutants/hydrotalcites systems to reach the 

equilibrium. The hydrotalcites synthesized retained more diclofenac than 

salicylic acid (409 and 80 μmol/g, respectively), and the adsorption capacity 

was greater when Ti content in the adsorbents was lower. Zn6Al2 solid was 

very effective in retaining this type of organic pollutants. 

− The adsorption capacities of different commercial adsorbents were also tested 

for comparison purposes. Carbon nanotubes were tested for the removal of 

caffeine and salicylic acid. On the other hand activated carbon and the MOF 

basolite A100 were tested for the removal of DL-1,2-Isopropylideneglycerol 

(used in the production of biodiesel as additive of glycerol); diclofenac and 

caffeine removal were also tested in batch adsorption.  
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− Overall, carbon nanotubes had a less effective adsorption of the contaminants 

followed by that of the metal organic framework. Activated carbon had very 

good adsorption results, comparable to those obtained with Zn6Al2 and Mg6Al2

in the case of diclofenac. 

− For the study of photocatalysis, experiments with TiO2 on its own were 

performed in advance. To prevent the TiO2 from electron-hole recombination, 

anatase was synthesized and modified with different content (0.5-5wt.%) of Fe

and Ag. Two different synthesis techniques were used (sol-gel and wet 

impregnation) to either dope (within the crystalline lattice) or impregnate the 

anatase with the metals.  

− The results of PXRD show the crystalline structure of anatase, with no signals 

from dopants due to its low content or high dispersion on titanium dioxide. The 

textural analyses of the catalysts allowed to observe an increase of these 

properties when the sol-gel method was used. The surface and the volume of 

pores decrease when using the technique of wet impregnation. The degradation 

tests of salicylic acid indicate that doping the catalyst with iron can improve its 

effectiveness, while the largest performance was observed for the catalysts 

containing 5 wt.% Fe. 

− These results were used for the tests performed with LDH as photocatalysts. 

The synthesis of hydrotalcite-type materials with the composition Zn-Al-Ti-Fe 

with aluminum extracted from an industrial waste were tested as photocatalysts 

for the removal of salicylic acid and diclofenac. The Zn-Al-Ti series 

performance was compared with the same series impregnated with 5wt.% of 

iron to prevent the electron-hole recombination of titanium obtaining better 
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results. In addition, another series Zn2+/(Fe+Al)3+ materials with and without 5 

wt.% impregnated titanium (Ti4+) are tested as catalysts for comparison. 

− The ZnAl material presents a typical hydrotalcite structure, the crystallinity of 

which decreases as the amount of Fe or Ti increases due to partial substitution 

of Al. Thermal treatment at 673 K resulted in the formation of mixed oxides 

took place, with, ZnO, ZnFe2O4, Fe3O4, Fe2O3 being detected, depending on 

the composition of the sample. In all cases, the N2 adsorption isotherms at 77 K 

were type II, and the BET specific surface areas were between 78 and 199 

m2/g. 

− The Fe/ZnAlTi catalysts showed the best catalytic behavior, although it was 

difficult to distinguish between the fraction removed by adsorption and the 

fraction photodegraded. To try to solve this problem, consecutive 

photodegradation cycles, in which the catalyst saturated with the pollutant 

molecule was used, were performed. 

Overall, these results show that the use of LDH as adsorbents/photocatalysts of 

emerging contaminants (pharmaceutical compounds) gives promising results although 

more research in this area is needed. In addition, this work proves that aluminum 

extracted from saline slags (used for the LDH synthesis) can be converted into an 

added-value product, as after the Al extraction process the saline slag becomes a non-

hazardous material. 




