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INTRODUCTION 

 

     The background for this doctoral thesis stems from the need to investigate the 

properties of synthesized, decomposed and reconstructed layered double 

hydroxides (LDH), with the aim to understand and control the composition and 

structure of the LDHs and derived oxides. Layered double hydroxides, 

hydrotalcite-type compounds (HTC) or anionic clays are the commonly used 

names to describe a class of layered materials based on the brucite (Mg(OH)2) 

crystal structure and having a general chemical formula of [MII
1-x 

MIII
x(OH)2]x+(Am-)x/m]·nH2O [1-3]. The structure of LDHs is comprised of 

positively charged metal hydroxide layers [MII
1-x MIII

x(OH)2]x+ and negatively 

charged anions (Am-)x/m in the interlayer space. The molecules of H2O are usually 

present in the interlayer space. A large number of LDHs can be synthesized by 

varying either the type of the cation or anion resulting in numerous new materials 

showing specific properties. For example, the optimization of catalytic processes 

very often requires the substitution of liquid acids and bases by more 

environmentally friendly solid catalysts. For this case, anionic clays may be 

considered a very promising alternative. Their high versatility, easily controllable 

properties, wide range of preparation routes, low cost etc. make them of extreme 

interest in various applications. LDHs are used as ion-exchangers, adsorbents [4-

9], catalysts [2, 10-12],  and others [3].  

     Although LDHs have different chemical compositions they share typical 

common characteristics: layered structure and the formation of mixed-metal 

oxides after thermal treatment. Layered double hydroxides can be prepared with 

different divalent and trivalent cations in the structure serving as precursors for the 

preparation of mixed metal oxides used as catalysts for oxidation and 

hydrogenation/dehydrogenation reactions. The exact features, such as the nature 

of the cations in the brucite-like layers and the specific surface area may have a 
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significant effect on their final catalytic properties. The synthesis of high surface 

area LDHs, derived mixed oxides and their ability to reconstitute are very 

interesting, since they should affect the active sites of the solid as well as its 

catalytic activity. In this work, the LDH containing Mg and Al cations which is 

identical to the natural hydrotalcite was mostly used as a reference system. LDH 

containing nickel or cobalt transition metals were synthesized and investigated 

using various techniques. Cobalt containing hydrotalcites are interesting as the 

basis for the preparation of the active catalyst for NO removal in automotive 

applications [13, 14]. Nickel containing LDH was selected as a basis for 

gasification, catalytic partial oxidation or steam reforming applications [15-18]. 

     The simplest method to obtain modified LDH is to replace the cations in the 

brucite-type layer with others which have a similar ionic radius to Mg2+ or Al3+ 

and can adopt the same octahedral arrangement. Metals which are not compatible 

with the octahedral sites of the brucite-type sheet may be introduced in the 

interlayer space of these solids in their anionic form. In this thesis, the synthesis of 

Mg/Al, Co/Mg/Al and Ni/Mg/Al LDHs using co-precipitation at low 

supersaturation method was chosen as a direct method to prepare materials. 

Afterwards, the synthesized LDHs were thermally decomposed followed by the 

indirect method, reformation, to get the LDHs again. Investigation of mixed 

oxides derived from calcined direct and indirect synthesized LDHs is an 

interesting topic, since the reformation media could have an effect not only on the 

composition of a solid but also on the morphology of oxides. The surface area and 

the total number of active sites are important quantities for the catalytic activity of 

these materials. The possibility to control and improve these characteristics is one 

of the central themes of this study.  
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The main aims of the study 

 

The objectives of this study are to prepare three types of LDHs with selected 

composition using the co-precipitation method and to investigate their properties 

as obtained, after decomposition and reformation. The following tasks were set in 

order to achieve these objectives: 

● Synthesis of Mg/Al, Co/Mg/Al and Ni/Mg/Al LDHs using the co-

precipitation at low supersaturation method. 

● Investigation of thermal decomposition of LDHs and formation of mixed-

metal oxides. 

● Reformation of mixed-metal oxides to layered structures using different 

aqueous media.  

● Investigation of possible applications of reformed LDHs. 

 

Statements Presented for the Defense 

 

• Mg/Al, Co/Mg/Al and Ni/Mg/Al layered double hydroxides were 

synthesized using co-precipitation at low supersaturation method. The 

obtained LDHs could be easily thermally decomposed to the mixed metal 

oxides. The resulting oxides could be reformed to the layered structures in 

water and, to our knowledge, for the first time in magnesium nitrate 

medium. 

• Partial substitution of magnesium by low amounts of cobalt or nickel does 

not show a strong influence on the formation of layered double hydroxide, 

but leads to different behaviour during thermal decomposition and 

regeneration as compared to Mg/Al containing LDH.  

• Changes of cationic composition in LDH are observed during the 

reformation of mixed metal oxides in magnesium nitrate solution. 
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• The reformation medium and temperature influence the LDH crystallite 

size and the morphology of calcined LDH. 
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1. LITERATURE SURVEY 

1.1. LAYERED DOUBLE HYDROXIDES 
 

          Layered double hydroxides, also known as anionic clays, hydrotalcite-like 

or hydrotalcite-type compounds are a family of layered materials. They have been 

a focus of recent books [2, 3, 7, 11, 19, 20], and reviews on catalysis [10, 12, 21-

23] or physical characterization [24], or as reviews focusing on LDH 

nanocomposites with polymers [25, 26], and LDH intercalated with metal 

coordination compounds and oxometalates [27]. Most of the patents in this area 

concentrate on the use of LDH in the production of fine chemicals using various 

reactions. LDHs are also substantially used for polymerization reactions, as 

additives for cracking catalysts, as a support for dehydrogenation process, for the 

reduction of sulphur in gasoline. Other applications include NOx removal, 

Fischer–Tropsh, partial oxidation of methane, water gas shift, H2 production and a 

large variety of other uses in catalytic reactions [2, 10, 28]. Often LDHs are used 

as precursors for the production of other catalysts rather than as layered materials 

themselves. The nonstoichiometry of the mixed oxides and sometimes the 

reconstitution are the features of these materials which are very important in 

catalysis and which open a possibility for obtaining truly homogeneous catalysts. 

LDHs and mixed oxides derived after calcination were recently extensively 

explored for catalytic applications, with about 100 papers published each year. 

However most of the effort concentrated on the systems is with only one or two 

active components. The synergetic interactions of two or more active components 

that contribute to the catalytic activity seem to lack a comprehensive 

understanding, which is one of the prerequisites for the future rational design of 

more active LDH-based catalysts, particularly for applications in DeNOx, DeSOx, 

full oxidation of volatile organic compounds (VOC) and steam reforming 

reactions for H2 production. 
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     LDHs consist of hydoxide layers, containing usually two (or sometimes even 

more) different metal cations and possessing an overall positive charge, which is 

neutralized by the incorporation of exchangeable anions (Fig. 1.). In general, the 

materials also contain various amounts of water, hydrogen bonded to the 

hydroxide layers and/or to the interlayer anions. Metal cations are octahedrally 

coordinated by hydroxide groups, except the calcium aluminum hydroxide family. 

In the LDHs, the interlayer distance is variable, and may contract when the 

interlayer region is emptied or expanded in the presence of new anions or water 

molecules.  

 

 
Figure 1. Schematic view of the structure of hydrotalcites. Bivalent and trivalent 

cations for example Mg2+ and Al3+ are six fold coordinated to form octahedra that 

share edges and form two-dimensional layers. Small spheres drawn in the 

interlayer region represent the compensating anions, usually . 
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Some of these materials are found as natural minerals. All LDH minerals found in 

nature have a structure similar to that of hydrotalcite or its hexagonal analog, 

manasseite, and the majority adheres to the general formula [MII
1-

xMIII
x(OH)2x]x+(An-)x/n·mH2O, where MII represents a divalent metal, MIII a 

trivalent metal, and An- an anion. The mineral hydrotalcite has the formula 

[Mg6Al2(OH)16]CO3 ·4H2O, which is usually written as [Mg0.75Al0.25(OH)2] 

(CO3)0.125·0.5H2O in order to emphasize its relationship to brucite. The brucite-

like sheets stack on each other with respect to rhombohedral R3 symmetry, with 

the unit cell parameters being a = 3.07 Å and c= 3c’= 23.23 Å (c’ is the thickness 

of one layer having one brucite-like sheet and one interlayer) [2]. 

 

1.1.1. Cations in LDH 
 

          The nature of the layer cations can be changed using a wide range of main 

group cations such as Mg, Ca, Al, Ga or In [29-31] or transition metal cations, 

such as Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Ru, Rh, Pd, Cd, La, Ir, Pt [1, 2, 

32-41] normally in the divalent or trivalent state, although preparation of 

hydrotalcites with tetravalent cations such as V, Ti, Zr or Sn has been also 

reported [42-44]. The most frequent divalent metals have the ionic radii from 0.65 

Å (Mg) to 0.80 Å (Mn) whereas the radii of the trivalent metals are usually 

between 0.50 Å (Al) and 0.69 Å (Cr) [2]. Metals which are not compatible with 

the octahedral sites of the brucite-type sheet, may be introduced in the interlayer 

space of these solids in their polyoxometalate form [45].  

 

1.1.2. Anions in LDH 
 

     Regarding the anions in the interlayers, there are no strict limitations to their 

nature, and systems with many different anionic species have been described: 

simple inorganic anions such as carbonate, nitrate, sulphate and halogenides [2], 
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as well as organic dicarboxylate anions with varying carbon numbers or organic 

aromatic anions [46],  metal complexes, low or medium-nuclearity oxometalates 

such as molybdate, chromate or vanadate [27, 47-51]. The number, the size, the 

orientation, and the strength of the bonds between the anions and the hydroxyl 

groups of the brucite-like layers determine the thickness of the interlayer. It has 

been reported in the literature that the common anion-exchange capability of the 

Mg-Al LDHs increases in the following sequence: I-< Br- <Cl-<F-<OH- for 

monovalent anions and SO4
2- < CO3

2-for divalent anions [52]. The anion exchange 

selectivity in the Zn-Al LDHs follows the sequence: NO3
−<Br−<Cl−<F−<OH−< 

CO3
2−, obtained by the calculation of the Gibbs free energies [53]. The 

understanding of the influence of different intercalated anions in the LDH is 

important, because the anion exchange capacity can only be used when the 

introduced anion will have a higher affinity to the LDH layer than the precursor 

anion. 

1.2. SYNTHESIS METHODS OF LDH 
 

1.2.1. Direct methods  
 

     LDH compounds have been synthesized by direct methods, which include co-

precipitation, sol-gel synthesis, hydrothermal growth, combustion synthesis, 

electrochemical synthesis and synthesis using microwave irradiation [7].  

     The most common method applied to preparation of hydrotalcite-like 

compounds is co-precipitation [2, 54]. The precipitating agents such as NaOH or 

NaHCO3 are added to the prepared salts of the catalytically active materials and 

the support. As a result hydroxides or hydroxy salts precipitate and form a 

homogenous mixture that can be filtered. The morphology of obtained materials 

and the distribution of particle size depend on the supersaturation of the synthesis 

solution. Usually supersaturation is achieved by physical (evaporation) or 
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chemical (variation of pH) methods. For the preparation of LDHs, the method of 

pH variation is frequently used. The pH value must be chosen very carefully. If 

the pH is too low, not all different metal ions will precipitate, on the other hand, if 

the pH is too high, the dissolution of one or more metal ions may occur. Another 

point to note is that the pH value needed for the precipitation of HTs is not 

necessarily equal to the pH of the precipitation of the most soluble metal 

hydroxide.  By using titration methods, it has been shown that, in the case of the 

Mg/Al system, the precipitation of the Mg/Al double hydroxide occurs in the pH 

range of 7.7-8.5, while the precipitation of Mg(OH)2 occurs at pH 9.5, and that of 

Al(OH)3 at much lower pH (4.0-4.5). The same effect is shown to occur in the 

Ni/Al system. The first precipitate constitutes the Al(OH)3 (pH about 4), and then 

most of the nickel is precipitated in the mixed hydroxide form at a pH of about 5; 

whereas the precipitation pH of the pure Ni hydroxide is much higher [2]. 

Precipitation at low supersaturation is performed by slow addition of mixed 

solutions of divalent and trivalent metal salts with appropriate ratios into a reactor 

containing an aqueous solution of the desired interlayer anion. The conditions 

most commonly utilized are the following: pH ranging from 7 to 10, temperature 

60-80 ºC, low concentration of reagents and slow flow of the two streams. 

Washing is carried out with warm water, usually followed by some aging under 

the conditions of precipitation; the drying temperature should not exceed 120 ºC. 

Low supersaturation conditions usually give rise to precipitates which are more 

crystalline with respect to those obtained at the high super saturation conditions, 

because in the latter situation the nucleation rate is higher than the crystal growth 

rate.  A large number of particles is obtained, which, however, are usually small in 

size. Co-precipitation at high supersaturation may be carried out using the same 

equipment as the co-precipitation at low supersaturation. Using high 

supersaturation conditions the concentrations of the solutions are increased and/or 

the addition rate compared to the low supersaturion method. Usually prolonged 

washing is needed to reduce the amount of residual alkali because of the low 
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solubility of the alkali carbonates [2]. Factors that are considered important in the 

precipitation of the LDH compounds include the nature and ratios of the cations, 

the nature of anions, pH, temperature and aging. 

     Sol–gel method is known for its cost effectiveness and phase purity of the final 

product. The degree of crystallization and phase purity of layered double 

hydroxides prepared by sol-gel method strongly depend on the synthesis 

conditions, which should be more strictly controlled than in the co-precipitation 

method [55]. High-purity, well crystallized hydrotalcite was obtained rapidly by 

Paredes et al. [56]. Modification of the textural properties of the sol–gel 

synthesized LDHs is possible in convenient and useful ways with various and 

interesting possibilities [57, 58]. Another feature that makes these sol–gel derived 

materials distinguishable from those prepared by other synthetic methods is their 

high specific surface area [57]. 

     Improved crystalline structures can be obtained by hydrothermal treatment in 

the presence of water vapour at temperatures not exceeding the decomposition 

temperature of the HT-like compound. Besides crystallinity, hydrothermal 

treatment can also be used to maintain or compensate for the required residual 

water that is lost in the previous stages of the LDH development. When co-

precipitation for preparing LDHs fails, a combined co-precipitated and 

hydrothermal synthesis can be proposed to improve the crystallization. The 

hydrothermal crystallization is usually carried out at temperatures up to 200 °C 

under autogenous pressure for a time ranging from hours to days [59, 60]. While 

heating the reactants in a pressurized aqueous media improves the crystallinity of 

the resulting LDHs, hydrothermal synthesis may require additional effort and 

time. This method can also result in a decrease of surface area and growth of 

hydrotalcite crystals [59]. 

          The preparation of Mg/Al hydrotalcite-like compounds by combustion 

synthesis has also been reported [61] . The method is based on the explosive 

decomposition of some organic fuels such as urea, glycine or saccharose. The 
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combustion method is a very rapid chemical process. The reaction is initiated and 

then promoted by the continuous thermal energy supplied to the precursor 

materials. 

     The synthesis of Ni/Al or Co/Al containing LDHs using a novel and simple 

electrochemical method has been reported [62-64]. The advantage of the proposed 

method is the short time needed to modify the electrode surface, whereas a 

drawback is that the electrodeposited material has a poor crystallinity. Unlike 

conventional deposition methods involving two-step processes, this new method 

consists of a one-step electrosynthesis of LDH phase on the surface of the foam in 

a very short time [62]. This way produces LDH films on large and irregular 

surfaces [63]. 

     Microwave heating has also been used in the synthesis of several LDHs [41, 

65-68]. Microwave irradiation under hydrothermal conditions leads to a very 

quick synthesis of LDHs and the ageing time is reduced from 18–24 h to 2–10 

min. Moreover, hydrotalcites obtained by this method show smaller crystallite 

sizes and higher specific surface areas than samples, synthesized using aging of 

the gels at 150 °C for 24 h. [65]. Other authors have reported a crystallization rate 

enhancement of hydrotalcites, using microwaves [69, 70]. The specific surface 

areas of the mixed oxides obtained by calcinations at 450 °C of the conventionally 

prepared LDHs were higher than the microwave irradiated ones, but 

microcalorimetric and spectroscopic measurements upon CO2 and CH3CN 

adsorption showed that in the case of Mg/Al mixed oxides, the amount of both 

basic and acid sites is higher in the microwave irradiated LDHs. So it was 

concluded that the use of microwaves induces higher numbers of surface-defective 

sites [67, 68].  

 

1.2.2. Indirect methods 
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     Indirect methods include all synthesis routes that use LDH as a precursor. 

Examples of these are all anion exchange based methods such as direct anion 

exchange, anion exchange by acid attack with elimination of the guest species in 

the interlayer region and anion exchange by surfactant salt formation [71, 72]. The 

non-anion exchange methods include the delamination-restacking method and 

LDH reconstruction, reformation sometimes called the “memory effect” method. 

     The ion-exchange method is especially useful when the co-precipitation 

method is inapplicable. For example, when the divalent or trivalent metal cations 

or the anions involved are unstable in alkaline solution, or the direct reaction 

between metal ions and interlayer anions is more favorable. In this method, the 

guests are exchanged with the anions present in the interlayer regions of the 

formed LDH, resulting in specific anion pillared LDH. The diffusion of large 

anions into the interlayer space can be inhibited by reducing the basal spacing of 

the precursor. It is therefore difficult to intercalate large guest anions directly into 

the interlayer regions of LDHs. Species with low charge density comprise another 

class of guests, which are difficult to intercalate as a result of the reduced driving 

force associated with weakened interaction between the anions and the host layers. 

In such cases, pre-intercalation by smaller guests using co-precipitation or ion 

exchange methods is an effective way to enlarge the interlayer space, so that it is 

possible to introduce large or low charge target guests into the interlayer regions. 

The peculiarities of the anion exchange were studied for Mg/Al layered double 

hydroxide [52]. Small exchanged ions, such as NO3
- or Cl-, can be completely 

replaced by large anions, and an expanded layered structure with intercalated 

guest species is formed. In few cases, the intercalation of the sheets with anions 

creates freely accessible interlayer space. Only if such a permanent porosity is 

obtained, the materials can be considered as pillared anionic clays. All other 

compounds may simply be considered as intercalated layered double hydroxides 

[11].  
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     Interestingly, calcined LDHs can recover their original layered structure if 

treated with water vapor, forming meixnerite-like materials, with interlayer 

hydroxide or in the case of contact with CO2 hydrotalcite-like materials. This 

property has been used to prepare new LDHs. The initially formed mixed oxides 

should be immersed in solutions containing selected anions [12, 73-77] and/or 

cations [78-80]. In the literature the conversion of the periclase-like mixed metal 

oxides into layered double hydroxide has been termed as regeneration, 

reconstruction, restoration, rehydration, calcination-rehydration process, structural 

memory effect or simply memory effect. Recently, processes such as hydration, 

rehydration and reconstruction were well explained for Mg/Al hydrotalcite [81]. 

In this study, the term “reformation” is used to describe the process of the 

formation of LDH even with different chemical composition from the originally 

synthesized material. Such reformation has been observed for many studied 

systems [82, 83]. However it is not complete even after several days of 

equilibration and calcination of LDH at high temperatures [82]. It is also known, 

that LDHs containing transition metal cations are more difficult to recover. The 

use of microwave radiation as a heating source allowed to enhance the rate of 

reconstruction [84]. For successful reformation the choice of starting materials 

and temperature of calcination is very important. Total reconstruction occurs only 

in the same temperature range where the thermal decomposition was performed. 

At high temperatures, very stable MIIMIII
2O4 spinel and MIIO phases are formed 

and the LDHs cannot be reconstructed. When the intercalation of anions occurs at 

the interlayer gallery region of LDH, the layered structure appears again. It was 

proved that the regeneration is a process of dissolution of mixed oxide and 

subsequent crystallization of LDH [74, 85]. The dissolution-crystallization 

mechanism of mixed oxide regeneration very well explains the formation of LDH 

with new anions and opens the possibility of changing the cation composition of 

LDH during the regeneration process. Some authors believe that regeneration 

occurs topotactically without the dissolution of the sample, hence the mechanism 
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of regeneration of LDH structure from mixed oxides remains an open subject [74, 

86]. For Mg/Al hydrotalcite, the memory effect method was used to tune its basic 

properties [87]. Rehydration resulted in irregularly stacked platelets showing high 

activity as base catalysts due to their distorted edge structure [88]. The 

reformation property has been applied in the removal of anions in contaminated 

aqueous solutions [6, 89, 90], the immobilization of amino acids and enzymes to 

produce drugs [91], and in the insertion of new functionalities and active catalytic 

sites [27, 92]. Besides the above benefits, the memory of LDH can be also 

detrimental to the catalytic activity and stability, particularly in applications where 

LDH derived mixed oxides operate in wet streams at moderate temperatures [93]. 

The use of indirect synthesis is not only a way to get new materials but also a 

method to improve the properties of initially synthesizes materials.  

     Reformation of LDH can provide several advantages. In the case of catalysts, it 

permits incorporation a third metal into the mixed oxide obtained upon thermal 

decomposition. Comprehensive studies of these layered double hydroxides are 

reported in the following sections.  

1.3. PROPERTIES AND APPLICATION OF LDH 
 

1.3.1. Properties of Mg/Al layered double hydroxide 
 

     In the mineral hydrotalcite with formula [MII
1-xMIII

x(OH)2x]x+(An-)x/n·mH2O the 

excess of positive charges on the hydroxide layers arise from the partial 

substitution of Mg2+ by Al3+ and can be compensated by ionic carbonate, which is 

the preferred anion found in natural hydrotalcites. The most popular HT is the 

stoichiometric double magnesium–aluminium hydroxide with the formula 

Mg6Al2(OH)16]CO3 ·4H2O. The degree of partial substitution of Mg2+ by Al3+ 

noted as x in the general formula can vary in the range of 0.1–0.5 [11] giving rise 

to the family of Mg–Al hydrotalcites. It has been stated that the range for pure 
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phases is restricted to 0.2–0.33, since for higher or lower values of x, other 

compounds like pure hydroxides or carbonates were obtained [2]. The structure 

and surface properties of Mg-Al hydrotalcites and the resulting mixed oxides 

strongly depend on the chemical composition and synthesis procedures. The 

surface area, intimate contact between two or more oxide components and the size 

of the resulting metal oxide clusters strongly influence the rate and selectivity of 

chemical reactions in the catalytic processes. In the samples with low Al content 

(x < 0.2) the basic site density is lower compared to pure MgO. At higher Al 

contents (0.2 < x < 0.5) a highly interacting Mg-Al oxide phase is forming. Al3+ 

ions incorporate into the MgO matrix and increase the concentration of surface 

defects. In the samples with x > 0.5 demixing of the Mg-Al phase occurs leading 

to the formation of bulk MgAl2O4 spinels. As a result, the density of basic sites 

diminishes [94]. Calcined hydrotalcite with low Al content showed higher activity 

than pure MgO in the double–bond isomerization of 1-pentene [95]. It has been 

reported that the participation of both acidic and basic sites is required for 

alkylation reactions and that surface acid-base properties are determined by the Al 

content [96]. 

     Fresh hydrotalcites are highly hydrated materials. Water content in fresh HT 

depends on the preparation temperature, water vapour pressure and the nature of 

the anion. HTs containing nitrate or carbonate anions can already lose one third of 

their interlayer water at 100 °C. Thermogravimetric analyses revealed successive 

steps of weight loss with increasing temperature. The asymmetric shape of the 

DTG curve in the dynamic thermal analysis experiment indicated the existence of 

two types of interlamellar water molecules, those that are free or bonded to other 

water molecules and those solvating the anion species and hydroxide. 

Decomposition of the hydrotalcites occurs in three steps: (i) evaporation of 

adsorbed water appears up to 100 °C; (ii) elimination of the interlayer structural 

water up to 250 °C; (iii) dehydroxylation and decarbonation of the hydrotalcite 

framework up to 600 °C [97]. A significant rearrangement of the octahedral 
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brucite-type layer occurs with migration of the Al cations out of the layer to the 

tetrahedral sites in the interlayer. Upon heating up to 400 °C the anions in the 

interlayer are decomposed, and the material is completely dehydroxylated. The X-

ray diffraction measurements confirmed this sequence and showed a decrease of 

basal spacing after the dehydration and a collapse of the layered structure upon the 

decomposition, along with the appearance of a pattern resembling the rock salt 

structure [98]. However, the Al and Mg coordination changes during the heat 

treatment. The in situ and ex situ experiments showed different results, indicating 

the importance of in situ technique. Although some controversy exists concerning 

the temperatures at which the changes in the HT structure occur, there is a 

common consensus that the adsorbed and interstitial H2O is removed from the 

interlayer and dehydroxylation at the cation layers occurs creating less 

coordinated Al centers. 27Al MAS NMR spectroscopy recorded at elevated 

temperatures indicated that this process occurs already at temperatures above 100 

°C. Simultaneous investigation using in situ XAFS at the Mg and Al K-edges 

showed that the coordination of Al is lowered at a temperature of 152 °C. 

However, these changes are reversible after cooling down the samples to the room 

temperature. At temperatures above 202 °C, the actual dehydroxylation process 

commences and changes of both the Mg and Al coordination were observed. 

These dehydroxylation processes were no longer reversible. At 202 °C, the Mg-

OH bonds start to break and the coordination of the Mg centers is altered by the 

formation of new Mg-O-Mg bonds. This process is accompanied by the evolution 

of H2O from the sample. At this temperature, the formation of a rock salt MgO-

like phase starts to occur [83]. This range between the temperature of 

decomposition of hydrotalcite and the formation of spinel is very interesting, since 

here the metastable and generally poorly crystallized phases can formed. In the 

literature, these phases have been referred under many different names like NaCl-

type mixed oxides, spinel-type phases, mixed metal oxides, mixed oxide solution 

or simply mixed oxides. However, all authors agree that mixed oxides have 
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disordered structures, containing an excess of divalent cations in comparison to 

the stoichiometric spinels [2, 11]. The addition of an excess water during the 

rehydration at room temperature fully reverses the changes in the coordination of 

the hydrotalcite even calcined at 452 °C. X-ray diffraction analyses revealed the 

changes in the 003 and 006 reflections of HT at about 182 °C, showing a decrease 

in the interlayer distance. This was attributed to a loss of interstitial H2O. 

However, since the Al and Mg coordinations are already changing at low 

temperatures, it was concluded that structural changes take place in the interlayers 

as well as inside the Mg-Al hydroxide layers. At higher temperatures 

decarboxylation occurs, which is accompanied by the formation of a MgO phase. 

The latter process is accompanied by a loss of the lamellar arrangement of the 

layers. The structures formed after calcination HT at 520 °C still exhibited the 

memory effect, although the restoration of the HT layered structure is much 

slower. After calcination-rehydration cycle no new Mg and Al coordination 

modes were observed by Mg and Al K-edge XAFS. The Mg and Al coordinations 

were completely restored to the original hydrotalcite structure [83]. 

     The gas phase hydration of the calcined hydrotalcite back into a layered 

structure was also investigated by in situ XRD. At 30 °C the metal oxide gradually 

transformed into the meixnerite. The intensity of the meixnerite phase increased 

with the time of exposure to water vapor. In contrast to the original hydrotalcite, 

containing mainly carbonate ions as charge balancing anions, the layer charge in 

meixnerite was only compensated by hydroxide ions [81]. The transformation of 

the intermediate dehydrated phase (at 200 °C) back to hydrotalcite and the 

reconstruction of the calcined Mg/Al hydrotalcite at 450 °C was investigated by in 

situ XRD [99]. The sample was cooled and then contacted with moisturized N2. 

The recovery of the hydrotalcite from dehydrated phase was very fast in the first 5 

min in the H2O-containing flow at 30 °C. The rehydration involves not only the 

physical filling of the interlayer space by water molecules but also a phase 

transition from the disordered, dehydrated, layered phase back to the original 
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hydrotalcite. It was shown that the interlayer of the rehydrated product can 

accommodate more water than the as-synthesized HT [99]. From the in situ XRD 

results, it was indicated that reconstruction of calcined hydrotalcite does not go 

through the layered dehydrated phase. The interlayer spacing was almost identical 

to that in the as-synthesized sample during the whole reconstruction process. This 

observation indicates that the retrotopotactic transformation occurs in a single step 

(mixed oxide → meixnerite), in contrast with the two-stage transition during the 

decomposition (hydrotalcite → dehydrated layered phase → mixed oxide). In 

view of this, hydroxylation of the oxide structure and filling of the interlayer space 

by water are simultaneous, contrarily to the sequence in thermal decomposition. 

By means of energy-dispersive X-ray diffraction (EDXRD) Millange et al. [85] 

determined that 3 h was sufficient time to complete the reconstruction of calcined 

hydrotalcite (at 400 °C) in Na2CO3 aqueous solution at room temperature. This 

process was accelerated by increasing the temperature, since dissolution of the 

poorly crystalline oxide in solid carbonate and nucleation of the reactive species 

occurs faster. The reconstruction time and degree of reconstruction have 

pronounced effect on the structural and catalytic activity of hydrotalcites. 

Calcined hydrotalcites stirred with water vapour or de-carbonated water under 

inert atmosphere form a highly active solid base catalyst. In this case, the 

restoration of the original layered structure occurs with hydroxyl groups as charge 

balancing anions in the interlayer space instead of carbonate anions [52]. The 

absence or presence of steam showed no effect on the activation of hydrotalcites 

and lead to identical decomposition behaviour with respect to dehydration, 

dehydroxylation, and decarbonation processes. The particle morphology and 

average crystallite sizes of the resulting oxides were also very similar. However, 

steam activated mixed oxides had lower surface area and pore volume compared 

to dry decomposed hydrotalcite [100]. Being solid inorganic bases, calcined HTs 

are recognized as thermally stable and potentially recoverable and recyclable 

catalysts. Activation of Mg/Al hydrotalcites via thermal treatment followed by 
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rehydration resulted in irregularly stacked platelets showing high activity as base 

catalysts due to the distorted edge structure of the platelets [88]. Variations in 

compositions and formation of mixed oxides with high catalytic activity makes 

hydrotalcite still an interesting material for investigations.  

 

1.3.2. Application of Mg/Al LDH 

 

     Since hydrotalcites have a well-defined layered structure with nanometer 

interlayer distances (0.3–3 nm) and contain important functional groups, they are 

widely used as adsorbents for liquid ions and gas molecules [2]. The interlayer 

anions may be exchanged with anions in external solutions, therefore HT can be 

applied for the removal of anionic toxins during water purification [6, 101]. The 

ability of HT to adsorb inorganic as well as organic anions makes these materials 

very attractive for many applications. They also find use as catalysts for oxidation, 

reduction and other catalytic reactions. Hydrotalcite can be applied to the 

preparation of composite materials like supported anion catalysts, recovery of 

precious anionic compounds [27]. HTs have been also used in the plastics industry 

[102]. The hydrotalcites intercalate bioactive molecules with negative charges into 

the interlayers forming bio-HT nanohybrids. The bio-nanohybrids are electrically 

neutral and can be transferred into biocells and organs through cell membranes 

[103, 104]. Hydrotalcites are good candidates for CO2 capture. Carbon dioxide is 

an acidic molecule and can adsorb on the basic solids [8, 105]. Hydrotalcite 

inorganic membranes show good promise for application in sensor devices and in 

membrane reactors for the production of hydrogen through the steam reforming or 

the water gas shift reactions [106]. Recent studies have shown that EVA polymer 

filled with 50 wt.% of hydrotalcite has slow heat release rate and the lowest 

evolved gas temperature. The layered structure may play a key role in this respect 

[105]. Kyowa Chemical Industries of Japan demonstrated that adding Mg/Al HT 

to PVC in combination with other additives such as zinc stearate and tin maleate 
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lead to an enhancement in thermal stability of the resin [107]. The mixed oxide 

obtained by thermal decomposition exhibits much higher basic properties than 

fresh HT. Mixed metal oxides have also a potential to be used as new bifunctional 

catalysts with a unique combination of acid–base and redox properties. Thermal 

activation of hydrotalcites is reported as an efficient preparation method for 

catalysts used in transesterification, alcohol elimination and condensation 

reactions [108]. Supporting the hydrotalcite over the carbon nanofibers allows to 

produce highly active base catalysts [109], which are of general importance for 

organic synthesis and fine chemicals manufacturing.  

     The Mg/Al hydrotalcite is the mostly studied layered double hydroxide and in 

this study was used as a reference sample.  

 

1.3.3. Properties of Co/Mg/Al layered double hydroxide 

 

     As mentioned previously a wide range of derivatives containing various 

combinations of MII, MIII and A ions in layered double hydroxide [MII
1-

xMIII
x(OH)2x]x+(An-)x/n·mH2O can be synthesized. A number of cobalt containing 

LDHs where Mg is replaced by cobalt has been prepared [110-113]. Xu and Zeng 

[114] have synthesized monometallic cobalt hydrotalcites in order to obtain Co3O4 

spinels. In other cases Co has been added as a second or third metal [115-117]. 

Co/Mg/Al layered double hydroxides show a unique layered structure. The 

evolution of the lattice a parameter with the cationic composition provides 

evidence that Co2+, Mg2+, and Al3+ are combined in the same layer. The 

crystallinity of LDH depended on the amount of Co2+and/or Mg2+, probably due to 

their respective ionic radius [115]. The isomorphous replacement of Co2+ by Mg2+ 

showed effect on the amount of interlayer water due to the well-known ability of 

these cations to be hydrated. Higher thermal stability of samples containing low 

amount of cobalt were explained by the higher local charge density of the layers 

or to the higher affinity of Mg2+ towards CO3
2- [115].  
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     Co/Mg/Al oxide derived from LDHs showed high surface area. In those 

samples, cobalt seemed to be present not only as isolated and well dispersed 

paramagnetic ions but also as some kind of very small Co-containing particles 

with an internal antiferromagnetic ordering at low temperature [14]. Calcined 

Co/Mg/Al layered double hydroxide forms CoxMg1-xAl2O4 solid solutions having 

the spinel structure and various cationic distributions. The nature of cations and 

the temperature of activation either induce the formation of monophasic solid 

solutions with rock salt or spinel-like structures or segregation of several phases 

[2]. The Co/Al and Mg/Al LDHs behave differently during the thermal treatment. 

It has been shown that DTA curve of the Co/Al LDH displays two similar 

endothermic maxima as the Mg/Al hydrotalcite, just the second peak appears at 

much lower temperature [112]. The LDHs containing all three cations (Co, Mg, 

Al) show different decomposition profiles compared to the binary composition. 

The DTG shows two peaks corresponding to the dehydration and 

dehydroxylation/deanation steps. The decomposition temperature of Co/Mg/Al 

system is higher than that of Co/Al LDH, but lower that of Mg/Al LDH [118]. 

The best conditions found to preserve the cobalt species in the divalent oxidation 

state are preparation of the samples at controlled pH and then ageing them under 

microwave irradiation. Thermal decomposition in nitrogen atmosphere stops the 

oxidation to Co3+ species, which was observed in oxygen or air [111].  

     Cobalt containing LDHs or their derived oxides are often treated with reducing 

gases such as H2, CO or CH4 in order to convert Co2+ and Co3+ to metallic or 

metallic-like species that can serve as active sites in catalysis. The main reduction 

of cobalt cations occurs above 600 °C [117]. A great advantage of this process is 

the very fine dispersion of the metallic or metallic-like species on the oxide 

support. The reducibility of the metal cations depends on the type and ratio of 

cations, formation of spinels, and temperature.   

     As reported previously, detailed reconstitution/reformation studies are 

practically limited to the Mg/Al systems. It has just been shown, that Co/Al 
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layered double hydroxide does not easily recover the original structure. The mixed 

oxide formed upon thermal treatment at 200 °C in air was shown to be remarkably 

stable. This oxide was kept for 30 days in a wet gas (5 vol% H2O in N2) flow or 

for 12 h in an aqueous solution of 0.5 M Na2CO3 [119]. Partial oxidation of Co2+ 

to Co3+ together with the thermodynamic stability of the formed solid solution 

phase is believed to be the main reason for the difficult reconstruction after 

decompostion of the LDH at such low temperatures. The main Co3O4 phase 

intimately dissolves the Al3+, forming a very homogeneous and stable solid 

solution. The presence of Al in the spinel phase at such low temperatures supports 

the high resistance against reconstruction. LDH intercalated with Co/Mg/Al 

acetate showed different behavior compared to Co/Al and Mg/Al systems after 

decomposition and reconstruction. Partial reconstruction was observed in the LDH 

structure that was decomposed at 800 °C and no reconstruction was seen for the 

sample that was treated at ≥ 1000 °C [118]. Once the stable spinel phase is formed 

it will not hydrolyze to give back the LDH. It has been shown that Co/Mg/Al 

system with lower loadings of cobalt forms only Mg(Al)O mixed oxide phase 

after calcination at 750 °C [120], avoiding the spinel formation which could 

influence the reformation of LDH with cobalt in the structure. In this study this 

possibility will be investigated using different media for the reformation. 

 

1.3.4. Application of Co/Mg/Al LDH 
 

     The decomposition temperature and the reconstruction conditions play a 

crucial role in the application of these materials in catalysis. The finding that 

Co/Al LDH is stable in a wet feed gas, justifies its application as a catalyst in such 

conditions. An interesting way to obtain mixed cobalt catalysts is through the use 

of LDHs as precursors [2, 115]. Catalysts from cobalt containing LDHs were 

tested in the oxidative steam reforming reaction of ethanol under autothermal 

conditions. Co-catalyst reached a higher H2 production level at lower temperatures 
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compared to the Ni-one [121]. LDHs with cobalt are used as precursors for the 

preparation of  Fischer–Trops catalysts [122, 123], for hydrogenation of nitriles 

[116] and for the synthesis of carbon nanotubes [124]. The selectivity and 

conversion of these catalysts depend on the preparation method, cobalt 

concentration and the type of ageing process. Cobalt based catalysts were 

synthesized using the memory effect of LDHs. Their activity for VOC oxidation 

was investigated. The high activity was explained by a high quantity of cobalt 

species reduced at low temperature. The solid obtained by reconstruction was then 

decomposed and activated, and was shown to be active in toluene oxidation [78]. 

Cobalt containing LDH after calcination and reduction showed high catalytic 

activity in removal of SOx (SO2 and SO3) and NOx (N2O, NO and NO2). Mixed 

oxides obtained from the Co/Mg/Al LDHs were investigated in a simultaneous 

removal of NOx and SOx [13, 14]. The NOx storage/reduction (NSR) technology 

is based on the selective storage of NOx as nitrates under lean (oxidizing) 

conditions and their non-selective reduction under the short, rich (reducing) 

excursions [125]. NSR catalysts are typically composed of at least one basic 

compound (alkaline or alkaline-earth oxides) and at least one precious-metal 

component. One of the most common formulations used is Pt and Ba supported on 

Al2O3 [126]. The problem of this material is its fast poisoning by sulphur 

compounds and its low activity at low temperatures. In this study the influence of  

reconstitution/reformation of cobalt containing LDH on their properties in NOx 

removal will be investigated.  

 

1.3.5. Properties of  Ni/Mg/Al layered double hydroxide 

 

     There are several papers describing the synthesis of Ni/Al LDH called takovite 

[1, 55, 112, 127, 128]. In other cases Ni is added only as a second or third metal to 

the hydrotalcite-type material [17, 33, 129]. Co-precipitation of different 

compositions leads to the pure hydrotalcite phase with different cell parameters. 
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When the isomorphic substitution of Mg2+ with Ni2+cations is performed, the 

lattice parameter a may decrease, because it mainly depends on the ionic radii of 

the cations in octahedral coordination (Mg2+ > Ni2+) [33]. The difference in c 

parameters between various LDHs can be attributed to different Coulombic 

attractive forces between the positively charged brucite-like layer and the anion 

located in the interlayer region. After calcination at 900 °C oxide-type and spinel-

type phases segregate and Ni is distributed among NiO, (Ni,Mg)Al2O4 and NiO–

MgO phases. However, this strongly depends on composition [15]. Partial 

substitution of Mg by Ni ions resulted in a different thermal decomposition of 

LDH. The DTG pattern of Ni/Mg/Al hydrotalcite is characterized by a sharp 

minimum at 198 °C, which was attributed to the removal of the interlayer and 

physisorbed water and by an asymmetric peak at 376 °C with a small shoulder at 

the high temperature side (about 500 °C) related to the thermal decomposition of 

hydroxyl, carbonate and nitrate anions [117]. The oxide morphology is also 

affected by the divalent cation. Upon thermal treatment, the presence of nickel 

induces the transformation of the characteristic platelets in the as-synthesized 

clays into nodular particles. Most importantly, the divalent cation determines the 

ability of the resulting oxide to exhibit memory effect. In contrast with the facile 

reconstruction of Mg/Al oxide, no sign of recovery was observed in Ni-Al oxide 

upon exposure to water vapour at room temperature. Rehydration of the Ni/Mg/Al 

layered phase was not fully reversible [130]. The reconstruction of layered 

structure for Ni/Al compounds was obtained using strong basic media and 

microwave hydrothermal treatment. However, when a larger Ni/Al ratio was used 

or the process was carried out in water or aqueous NH3 solution the reconstruction 

did not proceed [84].  

     The compounds with high Ni contents require mild reduction conditions due to 

the formation of large NiO crystallites. Contrary, catalysts with lower Ni contents 

are stable under reaction conditions. This is due to the insertion of the Ni2+ species 

into the NiO–MgO solid solution. Moreover, a significant reduction in coke 
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formation is observed, although a harsher reduction treatment is required to 

activate the catalyst [15]. In this study the possibility to reform ternary Ni/Mg/Al 

LDH at different conditions will be discussed.  

 

1.3.6. Application of Ni/Mg/Al LDH 
 

     Ni/Mg/Al LDH was chosen due to its good catalytic activity in gasification, 

catalytic partial oxidation and steam reforming [15-18]. The nickel-aluminum 

mixed oxides resulting from the thermal decomposition of hydrotalcite-like co-

precipitates are among the most studied catalyst precursors for steam-reforming 

[17, 63, 131-133]. The interest in these oxides is due to remarkable properties of 

the final catalysts, such as a high metallic dispersion and high particle stability 

under extreme conditions [127]. It has been shown, that the improved 

performance of Ni/Mg/Al mixed oxide catalysts was related to the incorporation 

of MgO and Al2O3 into the MgAl2O4 phase, which reduced nickel incorporation 

into the supports leaving nickel in its active form [131]. In other work, it was 

reported that the compositions containing Mg showed higher catalytic activity 

than those without Mg, as well as a significant reduction in the amount of 

deposited carbon [134]. Nickel based catalysts derived from thermal 

decomposition of the Ni/Mg/Al hydrotalcite-like precursors prepared by a co-

precipitation method exhibited high activity and stability and long lifetime in 

steam reforming of methane at a residence time of milliseconds. The catalytic 

performance was greatly improved in comparison to the traditional Ni catalysts. 

This type of catalyst was even compared to Rh catalyst and the results were very 

similar despite the fact that the residence time was only tens of milliseconds [135]. 

The catalytic performance of fresh and regenerated Ni/Mg/Al catalysts was 

compared for CH4 steam reforming. Thanks to the stabilization of MgO on Ni 

particles and the high removal rate of carbon deposits, the regenerated catalyst 

showed improved H2 production [93]. Ni/Mg/Al systems showed good catalytic 
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performance for the  hydrogenation of nitriles into primary amines [136], and in 

the gas phase hydrodechlorination reaction of 1,2,4-trichlorobenzene [137]. 

Volatile organic compounds emitted from many industrial processes and transport 

vehicles significantly contribute to atmospheric pollution, and the catalytic total 

combustion is one of the most effective and economically attractive treatments. 

Ni/Mg/Al mixed oxides prepared from the LDH precursors were tested as 

catalysts for the total combustion of some commonly encountered VOC, such as 

toluene, methane and ethanol [138, 139]. Gasification of biomass with air 

produces a dirty raw gas composed of a mixture of H2, CO, CO2, H2O, CH4, light 

hydrocarbons, tars, NH3, some dust and other trace components. For most 

applications, this gas has to be cleaned of at least dust and tars. Nickel-based 

supported catalysts, used extensively in the petrochemical industry, have shown 

high activities for tar reforming/decomposition and ammonia decomposition in 

coal and biomass gasification. When used as secondary catalysts, the supported 

nickel catalysts could attain nearly complete decomposition of both tar and 

ammonia at > 800 ºC [140]. Nickel containing LDH was used to investigate 

reformation effect of layered double hydroxide in gasification gas cleaning 

application herein. 

 

2. EXPERIMENTAL 

2.1. MATERIALS 
      Layered double hydroxides were synthesized using Al(NO3)3•9H2O, 

Mg(NO3)2•6H2O, Ni(NO3)2•6H2O, Co(NO3)2•6H2O, NaOH, NaHCO3 from Lach - 

Ner, s.r.o. (Neratovice, Czech Republic) as starting materials. Gibbsite Al(OH)3 

from Pikalevsky Glinozem Joint-Stock Company was used for the preparation of 

gasification gas cleaning catalyst. Deionised water was used for all synthesis, 

solutions preparations and washing. The gases used in activity studies were 

supplied by AGA Ltd. (>99% purity). A mixture of 90 w-% toluene (>99.5% 
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purity, VWR International) and 10 w-% naphthalene (>99% purity, VWR 

International) was used as the model system for tar. 

2.2. SYNTHESIS AND POST-SYNTHESIS MODIFICATIONS 
2.2.1. Mg/Al LDH 

 

     The layered double hydroxide with natural hydrotalcite composition was 

prepared by co-precipitation under low supersaturation from a solution of the 

appropriate metal nitrates with a molar ratio of Mg:Al = 3:1 and solution prepared 

from NaHCO3:NaOH (1:2). The solution of metal nitrates was slowly added to the 

solution prepared with NaHCO3+NaOH (pH ≈ 12) under vigorous stirring. After 

mixing, the obtained sample was aged at 80 ºC for 6 h. The resulting slurry was 

filtered and washed with distilled water and dried at room temperature (sample 

was labeled as Mg/Al). The mixed-metal oxide was obtained by heating the 

synthesized Mg/Al specimen for 3 h at 650 ºC and was labeled as Mg/Al65. The 

hydration of mixed-metal oxide was carried out at 20 ºC for 6 h with continuous 

stirring in deionised water pH ≈ 6 (2 g of mixed oxide in 40 mL of water) and the 

sample was denoted as Mg/AlW20. The regeneration in 1 mol L-1 magnesium 

nitrate solution with pH ≈ 3.7 was performed under the same conditions (2 g of 

mixed oxide in 40 mL of 1 mol L-1 Mg(NO3)2) and the sample was denoted as 

Mg/AlN20. The influence of regeneration temperature was investigated in the same 

solutions at 80 ºC. The sample hydrated at 80 ºC was named as Mg/AlW80 and 

regenerated one in Mg(NO3)2 solution at the same temperature was named as 

Mg/AlN80. Schematic presentation of synthesis and post-synthesis modifications of 

Mg/Al LDH are shown in Fig. 2. 

 

2.2.2. Co/Mg/Al LDH and Ni/Mg/Al LDH 
 

Layered double hydroxides containing cobalt or nickel were prepared under 

the same conditions as the Mg/Al sample, except that 15% of 1 mol L-1  
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magnesium nitrate solution was replaced by 1 mol L-1  cobalt nitrate solution or 1 

mol L-1  nickel nitrate solution. The obtained samples were named as Co/Mg/Al 

and Ni/Mg/Al, respectively. After decomposition at 650 ºC (Co/Mg/Al65 and 

Ni/Mg/Al65), the hydration was performed in water at 20 ºC and 80 ºC for 6 h and 

regeneration in Mg(NO3)2 solution at the same temperatures. The samples 

containing cobalt were named as Co/Mg/AlW20, Co/Mg/AlW80, Co/Mg/AlN20, 

Co/Mg/AlN80, and the specimens containing nickel were named as Ni/Mg/AlW20, 

Ni/Mg/AlW80, Ni/Mg/AlN20, Ni/Mg/AlN80, respectively. After the reformation 

processes, the samples were washed with water and dried in air. Schematic 

presentation of synthesis and post-synthesis modifications of LDH with nickel or 

cobalt are shown in Fig. 2. 

 

 

Co or Ni/Mg/Al 

 

1mol L-1 nitrate solutions Co or Ni /Mg/Al - 11/65/25 mL + NaHCO3 and NaOH 

 

 

 

Co or Ni/Mg/Al65 

 

650 ºC 3h 

Reconstitution in H2O Reconstitution in 1mol L-1 Mg(NO3)2 

Co or Ni/Mg/AlW20 

 
Co or Ni/Mg/AlW80 

 
Co or Ni/Mg/AlN80 

 
Co or Ni/Mg/AlN20 

 

 20 ºC  80 ºC 20 ºC  80 ºC  

Coprecipitated and aged at 80ºC for 6h  

 
Figure 2. Chart of synthesis and post-synthesis modifications of LDH samples. 

Mg/Al LDHs were synthesized without cobalt or nickel nitrate solutions. 

 

Two cobalt containing LDH samples were chosen for NOx removal 

application. Co/Mg/Al sample was synthesized by co-precipitation under low 

supersaturation as described previous, only the aging time was changed to 24 h. 
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The prepared powder was crushed and sieved to obtain the fraction with a particle 

size of 0.2-0.5 mm. One sample was calcined at 650 °C for 3 h and then left in air 

at room temperature and humidity. This reformed sample was named Co1. The 

other sample was tested right after thermal treatment to avoid reconstitution and 

the sample was named Co2. 

Catalysts for decomposition of tar, ammonia, and methane were synthesized 

according to Norta Ltd technology. The Mg/Al hydrotalcite synthesized as 

described previously was deposited on the gibbsite core. The powder was 

subsequently heated at a rate of 1.67 °C/min to 650 or 850 °C and calcined for 

five hours to yield two powders. The calcined powders were dipped into an 

aqueous 1 M solution of nickel (II) nitrate for 45 min, and thereafter washed with 

distilled water and dried. Reformation of decomposed layered double hydroxide 

was used to introduce nickel. Finally, the powders were heated at a rate of 5 °C 

min-1 to 850 °C and calcined for five hours to obtain two powder form catalysts: 

Ni1 (intermediate calcinations temperature 650 °C) and Ni2 (intermediate 

calcinations temperature 850 °C). 

2.3. CHARACTERIZARION 
 

The XRD patterns of the synthesized, calcined and regenerated samples were 

recorded with a conventional Bragg-Brentano geometry (θ - 2θ scans) on a 

DRON-6 automated diffractometer equipped with a secondary graphite 

monochromator. Cu Kα radiation (λ = 1.541838 Å) was used as a primary beam. 

The patterns were recorded from 5 to 70º 2θ in steps of 0.02º 2θ, with the 

measuring time of 0.5 s per step. Silicon was used as a reference sample. The cell 

parameters c and a of the rhombohedral structure were determined from the 

positions of the (003), (006) and (110) diffraction lines, respectively. The lattice 

parameter a = 2d(110) corresponds to an average cation–cation distance calculated 

from the 110 reflection, while the c parameter corresponds to three times the 
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thickness of d (003) parameter. In this case c was calculated from two diffraction 

lines using equation c = 3/2 [d(003)+2d(006)]. The average crystallite sizes of 

layered double hydroxides were calculated from the 003, 006 and 110 reflections, 

using the Debye-Scherrer equation. 

Simultaneous thermal analysis (STA: differential scanning calorimetry – DSC, 

thermogravimetry – TG and differential thermogravimetry – DTG) was employed 

for measuring the thermal stability and phase transformation of synthesized 

products at a heating rate of 10 oC min-1. The temperature ranged from 30 oC up to 

900 oC under air atmosphere. The test was carried out on a Netzsch instrument 

“STA 409 PC Luxx”. Ceramic and Pt-Rh crucibles were used as sample holders.  

     Metal loadings of the layered double hydroxides were analyzed by X-ray 

fluorescence technique (XRF) on a Spectro Analytical Instrument 

GmbH&Co.KG. with a Pd window X-ray tube. The analysis was carried on a 32 

mm disc. XRF apparatus uses the Turboquant calibration method that is able to 

analyze all elements from Na to U. Mean values of relative standard deviation for 

analysed elements were: Mg – 1.54%; Al – 1.42%; Co – 3.7% and Ni – 2.4%. 

     The surface morphology of the synthesized and regenerated samples was 

studied by scanning electron microscope (SEM) EVO 50. The analysis of images 

was done with the ImageJ software.  

     Surface areas, pore volume and pore size distribution of the samples calcined at 

650 ºC for 3 h were estimated using the Brunauer–Emmet–Teller (BET) [141] and 

Barret-Joyner- Halenda (BJH) equations [142]. Prior to analysis, calcined nickel 

containing layered double hydroxides were outgassed at 400 °C overnight. The 

measurements were carried out on a Micromeritics ASAP 2010 instrument by 

nitrogen adsorption at -198 ºC.  Cobalt containing samples were outgassed at 250 

°C for 5h. Samples were analyzed with Quantachrome Autosorb-1C equipment 

using the program Autosorb.  
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2.4. ACTIVITY STUDIES 

The NOx removal reaction experiments were carried out in a fixed bed, 

tubular reactor (22 mm diameter and 530 mm length). In the experiments, 1 g of 

catalyst in the form particles of 0.2–0.5 mm, was introduced in to reactor and was 

pre-treated for 1 hour in nitrogen at 450 ºC and in H2 at the same temperature for 

30 min. Afterwards, the desired reaction temperature was set and the reaction feed 

admitted. This consists in 650 mL min-1 of a mixture composed by NO, C3H8, 

oxygen and balanced with nitrogen. Catalytic tests were set at a space velocity of 

20.000 h-1, using a cyclic sequence of changes in the feed composition, simulating 

car exhaust emissions in: 

● lean conditions 120 s: 13% O2, 530 ppm NOx, 50 ppm C3H8, N2 balance; 

● rich conditions 60 s: 8% O2, 530 ppm NOx, 700 ppm C3H8, N2 balance. 

 After evaluating the behaviour during a sequence of seven lean–rich cycles at a 

given temperature, the reactor temperature was raised to another temperature 

under N2 where the behavior was further monitored over the cycle series. The NOx 

present in the gases from the reactor were analyzed continuously by means of a 

chemiluminescence detector Rosemount 951A. 

     The activity tests of the catalysts in the decomposition of tar, ammonia and 

methane from the synthetic gasification gas were performed at atmospheric 

pressure in quartz reactors. The reactor was packed with a powdered catalyst and 

placed inside a three-zone furnace. In the activity tests of catalysts, 0.1 g of 225–

300 µm particle size powder was packed onto the quartz grid of the tubular quartz 

reactor (inner diameter 10 mm). In the first experimental set, catalyst samples 

were pre-reduced under a gas flow of 20 vol-% of H2/N2 by increasing from 

ambient temperature to 800 °C at a rate of 5 °C min-1 and keeping it there for 1 h. 

In the second set, the samples were tested without pre-reduction. The catalysts 

were studied in the clean-up of a synthetic gasification gas at 700 and 900 °C with 

and without sulfur addition. The gas feed rate was adjusted to 1000 mL min-1 
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(NTP) for the powder form catalyst tests, giving a space velocity of 27,000 h-1. All 

the gas lines were heated up to 200 °C to avoid condensation. The mixed feed 

comprised 12.5 vol-% CO, 15.0 vol-% CO2,11.0 vol-% H2, 6.0 vol-% CH4, 1.0 

vol-% C2H4, 0.5 vol-% NH3 (in N2), 3.4 vol-% O2, 50.6 vol-% N2, 15g mN
-3 tar 

model compound, and 110.0 g mN
-3  H2O. The catalysts were first studied without 

sulfur addition. Hydrogen sulfide (in N2), 100 ppm, was then added to the feed 

stream to mimic the sulfur impurities of the gasification gas. 

     The inlet and outlet gases were analyzed with a Gasmet FTIR gas analyzer. 

The condensable compounds were removed from the product gas by a cold trap 

consisting of isopropanol and water in series on an ice bath. The flow rate and 

temperature of the dried product gas were measured with a dry gas flow meter and 

it was directed into a Sick Maihak type S710 on-line gas analyzer, wherein the 

volumetric composition of the dry gas (CO, CO2, CH4, O2 and H2) was measured. 
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3. RESULTS AND DISCUSSIONS 

3.1. SYNTHESIS OF LDHs BY COPRECIPITATION METHOD AND X-
RAY CHARACTERISATION 

 

     All three layered double hydroxides Mg/Al, Co/Mg/Al and Ni/Mg/Al were 

successfully synthesized by co-precipitation method. As seen from the XRD 

Figure 3. XRD patterns of layered double hydroxides synthesized by 

coprecipitation method with various cation compositions: A – Mg/Al; B- 

Co/Mg/Al; C- Ni/Mg/Al. Reflections from Si crystal used as a reference are 

marked with asterisk. 
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patterns (Figure 3.), the hydrotalcite type phase was identified in all synthesized 

layered double hydroxides.  

    More intense and sharper reflections of the (003) and (006) planes at low 2θ 

values (11-23º), and broad asymmetric reflections at higher 2θ values (34-66º) can 

be observed in the XRD patterns. The (009) reflection overlaps with the (012), 

resulting in a broad signal. Therefore, it can be concluded that it is possible to 

obtain hydrotalcite-like layered structures with the Co2+ or Ni2+, Mg2+ and Al3+ 

cations in the chosen range of compositions. However, the intensities of some 

reflections for different LDH samples are slightly different, possibly indicating 

different degree of their crystallinity. Determined cell parameters c and a are 

shown in Table 1.  

 

Table 1. Crystallographic data and crystallite size of synthesized layered double 

hydroxides. 

Sample  
d003 d006 d110 Cell parameters (Å) Crystallite size ( Å) 

(Å) (Å) (Å) c a (003) (110) 

Mg/Al 7.77 3.86 1.53 23.25 3.06 91 111 

Co/Mg/Al 7.93 3.92 1.53 23.59 3.07 61 83 

Ni/Mg/Al 7.87 3.89 1.53 23.40 3.05 64 85 

 

     The c parameter is related to the interlayer thickness, and is regulated by 

water content along with the amount, size, orientation, and charge of the anions 

located between the brucite-like layers. The cell parameter a is the average 

cation–cation distance inside the brucite-like layers [143]. The published 

interlayer distance of carbonate-containing Mg/Al LDH is 7.8 Å [130]. The d003-

values obtained for the synthesized LDH samples are very similar. Only a very 

low increase of the basal spacing is seen in the LDH samples containing cobalt 

and nickel. The calculated values of crystallite size of LDH samples are also 
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shown in Table 1. The dimensions in the a-direction are larger than that in the c-

direction, as can be expected from the plate-like shape of hydrotalcite crystals [2]. 

Introduction of cobalt or nickel to the layered double hydroxides composition 

caused a considerable decrease in the crystallite size, which is in a good 

agreement with literature data [130]. The formation of smaller nano-sized primary 

crystallites could be a result of cobalt or nickel influence on the nucleation and 

crystal growth process during the precipitation of LDH. The compositions of the 

synthesized layered double hydroxides were analyzed by the X-ray fluorescence 

technique to determine differences of calculated and experimentally received 

compositions of materials (Table 2). The determined LDH molar compositions are 

very close to the nominal. However, the Al content is slightly lower than expected 

and this could be associated with partial solubility of aluminium ions as aluminate 

species under used synthesis conditions. LDH with cobalt has a lower content of 

Mg as was observed by S. Ribet [115]. The general formula for LDH indicates 

that it is possible to synthesize a number of compounds with different 

stoichiometries. In the natural hydrotalcites, the value of x is generally equal to 

0.25. However, there are many difficulties in determining the exact value of x in 

LDH. Elemental analysis of the metal content in a solid phase will not give 

correct values if the LDH is not monophasic, i.e., mixed with MII(OH)2, 

MIII(OH)3/MIIIOOH or other phases which could segregate when the synthesis 

mixture contains either very high or very low MII/MIII ratios. An intrinsic problem 

with these phases is their appearance as amorphous, which cannot be detected by 

XRD [3]. The obtained x values of synthesized LDH by XRF technique are in the 

expected range. They are not lower than 0.2 and not higher than 0.3. Thus, we can 

conclude from the results of XRF and XRD analyses that single-phase layered 

double hydroxides have formed during co-precipitation synthesis.  
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The carbonate content in synthesized samples was calculated from the MII/MIII 

atomic ratios, assuming that carbonate is the only charge balancing interlayer 

anion. The water content in the formula was determined from the results of TG 

analyses which are presented below. 

3.2. THERMAL DECOMPOSITION OF LDH 
 

     All layered double hydroxides undergo thermal decomposition at higher 

temperatures. Thermal gravimetric analysis of the natural hydrotalcite type sample 

Mg/Al and LDH with cobalt Co/Mg/Al and nickel Ni/Mg/Al was performed (Figs 

4-6). The mass changes up to 200 ºC are due to the removal of interlayer and 

adsorbed water [130]. Below this temperature dehydroxylation is minor and no 

decarbonation occurs. As seen from Figs 4-6, the endothermic processes of water 

removal continue until 250 ºC and two DTG minima at 88 and 220 ºC appear for 

all samples. The mass loss in this temperature interval was used for the calculation 

of water content (see Table 2). The decomposition of intralayer hydroxyl and 

carbonate anions occurs in the temperature range of 250-500 ºC. The presence of a 

single mass loss in this range confirms the coupling of dehydroxylation and 

decarbonation processes. The presence of the transition metals in the synthesized 

LDH samples showed very minor effect on the thermal behavior of LDH. 

Therefore, the same temperature (650 ºC) for thermal treatment of all samples was 

chosen.  
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Figure 4. TG (solid line), DTG (dots line) and DSC (dashed line) curves of 

synthesized Mg/Al LDH. 

 
Figure 5. TG (solid line), DTG (dots line) and DSC (dashed line) curves of 

synthesized Co/Mg/Al LDH.  
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Figure 6. TG (solid line), DTG (dots line) and DSC (dashed line) curves of 

synthesized Ni/Mg/Al LDH. 

 

     The annealing temperature is very important because it is crucial for successful 

reconstitution of the layered structure. During the calcination of LDH, the 

temperature should be higher than the layer collapse but lower than the formation 

of spinel phase. This solid phase is stable and cannot be converted to LDH in 

water. Thus, for layered double hydroxides the calcinations temperature is usually 

set between 400 and 700 ºC. The XRD analysis of heat-treated samples revealed 

the formation of poorly crystalline magnesium oxide (PDF # 75-1525) with peaks 

at 2θ ≈ 36, 43 and 63º (Figure 7).  
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Figure 7. XRD patterns of mixed oxides after calcination of layered double 

hydroxides at 650 ºC. A-Mg/Al65, B- Co/Mg/Al65, C- Ni/Mg/Al65. Crystalline 

phase: MgO (PDF # 75- 1525). 

 

These peaks are slightly shifted to higher 2θ angles in comparison with a pure 

magnesium oxide. This is a consequence of the incorporation of aluminium in the 

framework of the MgO, resulting in the formation of a mixed-metal oxide [13]. 

No peaks assigned to the transition metal oxides were observed. Moreover the 

XRD patterns of the samples Mg/Al65, Co/Mg/Al65, Ni/Mg/Al65 do not show the 

formation of spinel-type crystalline phases. Consequently, these results clearly 
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show that the possibility to reform them to layered double hydroxides is very 

realistic. 

3.3. REFORMATION OF LDH IN WATER 
 

     The chart of LDH behaviour during the cycle synthesis-thermal 

decomposition-regeneration is presented in Figure 8. The second part shows the 

reformation of calcined layered double hydroxides to a layered structure. 

Investigations of this process in water media at room and 80 °C temperature will 

be discussed in this section.  

 

 
Figure 8. Chart of decomposition of synthesized layered doubled hydroxide and 

reformation of formed mixed metal oxides back to layered structure in aqueous 

media. 

 

     The XRD patterns of LDH samples obtained after the hydration process at 

room and 80 °C temperatures are given in Figure 9 and Figure 10 respectively. 

The reference patterns of Mg/Al hydrotalcite show regeneration of layered 

structure in water at both temperatures. The mixed-metal oxide transformed fully 

into LDH. However, the calcined LDHs with cobalt or nickel form more stable 

mixed-metal oxide phases, since incomplete regeneration was observed in water at 

room temperature. Interestingly, this oxide phase disappears with heat treatment 

of the reconstitution process, suggesting the high influence of the medium 

temperature on the reformation of layered double hydroxide. All reformed 
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samples exhibited the XRD patterns characteristic to the LDH structure (PDF # 

22-700). Intense and narrow diffraction peaks at 11º and 22º, ascribed to (003) and 

(006) planes, respectively, are clearly seen. 

 

 
Figure 9. XRD patterns of reconstituted layered double hydroxides in water at 20 

ºC. (A- Mg/AlW20; B- Co/ Mg/AlW20; C- Ni/Mg/AlW20). Side phases: O - MgO, * - 

Si. 
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Figure 10. XRD patterns of reconstituted layered double hydroxides in water at 

80 ºC. (A- Mg/AlW80; B- Co/ Mg/AlW80; C- Ni/Mg/AlW80). Phase: * - Si. 

 

Wide and asymmetric (0kl) reflections were obtained above 30º 2θ values, as 

usually observed. The (110) and (113) reflections were noted around 61º. The 

peaks in Figure 9 (B and C) at 43° are attributed to remaining mixed metal oxides 

and indicate incomplete reconstitution of layered double hydroxide. The positions 

of the (003), (006) and (110) reflections allowed us to calculate the c and a cell 

parameters of reconstituted LDH, assuming the hexagonal lattice. The data are 

reported in Table 3. The lattice parameters for all samples are almost identical to 

their initial lattice parameters of as synthesized samples (see Table 1.), although 

variations were expected due to substitution of carbonate by OH- ions. The 
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presence of carbonates in reformed samples can be due to the dissolved CO2 in 

water. Contrary to the Mg/Al-containing samples, the samples containing 

transition metals show negligible decrease in the basal spacing after reconstitution 

in water.  

 

Table 3. Crystallographic data and crystallite size of formed LDH after 

reformation in water. 

Sample 
Temperature of 

water (ºC) 

d003 d006 d110 
Cell 

parameters 

Crystallite 

size (003) 

(Å) (Å) (Å) c (Å) a (Å) (Å) 

Mg/AlW20 20 7.79 3.86 1.52 23.28 3.05 62 

Mg/AlW80 80 7.81 3.88 1.53 23.34 3.06 117 

Co/Mg/AlW20 20 7.88 3.90 1.53 23.52 3.06 91 

Co/Mg/AlW80 80 7.89 3.91 1.53 23.57 3.06 131 

Ni/Mg/AlW20 20 7.82 3.86 1.52 23.31 3.04 58 

Ni/Mg/AlW80 80 7.84 3.89 1.53 23.44 3.06 94 

 

It is known that changes of the parameter a, that is sensitive to the ionic radii of 

the layer cations, could be associated to the extraction of Al3+ from the brucite 

layer [144]. In this study, the parameter a in synthesized and reformed samples is 

almost equal even when the samples were not fully reformed. These results show 

that extraction of cations other than Al3+ from the layers has negligible effect on 

the cell parameter a. Figure 10 presents the XRD patterns of reconstructed LDH at 

80 ºC. Evidently, full reformation of layered structure occurs. Besides the 

diffraction peaks are sharper compared to the same peaks of samples reformed at 

lower temperature. The slightly different intensities, perhaps, indicate different 

degree of sample crystallinity. The calculated values of crystallite size of reformed 
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LDH samples are also shown in Table 3.  The obtained values are compared to as 

synthesized samples in Figure 11.  
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Figure 11. Crystallite size of as synthesized and reformed in water layered double 

hydroxides. 

 

     The results presented in Figure 11 show that the temperature of reformation 

media has a strong influence on crystallite size of LDH. After increasing the 

medium temperature up to 80 ºC, for Mg/Al LDH the crystallite size increases 

from 91 to 117 Å (29 %), for Co/Mg/Al from 61 to 131 Å (115 %) and for 

Ni/Mg/Al LDH from 64 to 94 Å  (47%). Thus, we can conclude that the increase 

of reformation temperature gives an opportunity for a full recovery of the layered 

structure even for transition metal containing LDHs and also affects the 

crystallinity of reconstituted LDH.  
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     Only a few recent studies have analyzed the influence of a third metal cation, 

such as Ni2+, on the memory effect of calcined Mg/Al hydrotalcite [130]. In our 

case it can be concluded, that calcined LDH exposed to water show 

reconstruction, but the presence of nickel or cobalt in the sample reduces the 

ability of LDH to recover the original layered structure. The different reformation 

behaviour of the binary Mg/Al and the ternary Ni/Mg/Al or Co/Mg/Al samples 

suggests the intimate association of both divalent metals in the mixed oxide phase. 

Very interesting results were observed after reformation at higher temperature (80 

ºC). Mixed metal oxide phase disappears and only layered double hydroxide phase 

can be observed in the XRD patterns. Thus, the high temperature of reconstitution 

media enables full reformation of layered structure in contrast to other studies 

[119, 130]. The results of in situ EDXRD and modeling of kinetics using the 

Avrami-Erofe'ev expression showed that the reconstitution reaction occurs by 

dissolution of mixed oxide followed by crystallization of the LDH from solution 

[85]. At room temperature, the rate of crystallization is dependent on the rate of 

formation of nucleation sites for crystal growth, whereas the rate of crystal growth 

at the surface of these nucleation sites and the rate of transport of reactive material 

to these sites has a minor influence on the overall rate. As the temperature is 

increased, the rate of formation of nucleation site increases and the reaction only 

depends on the rate at which reactive material reaches the already-formed sites, 

i.e. the reaction becomes diffusion-limited in the second stage. With addition of 

third metal to binary system the inhibiting effect occurs at low temperature and 

not full dissolution of mixed oxides phase is observed. From our results the 

positive influence of temperature on the reformation is evident. To justify 

dissolution-crystallization mechanism during the memory effect of LDH, the 

influence of different reformation solutions will be discussed in the next section. 
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3.4. REFORMATION OF LDH IN Mg(NO3)2 SOLUTION  
 

     The dissolution-crystallization mechanism of mixed oxide regeneration well 

explains the formation of LDH with new anions and implies a possibility for 

changing the cation composition of LDH during regeneration process. To our 

knowledge, for the first time, the reformation in magnesium nitrate media was 

performed. The XRD patterns of mixed oxides after treatment in Mg(NO3)2 

solution at room temperature and 80 °C are given in Figures 12 and 13 

respectively.  

Figure 12. XRD patterns of reconstituted layered double hydroxides in Mg(NO3)2 

solution at 20 ºC. (A- Mg/AlN20; B- Co/ Mg/AlN20; C- Ni/Mg/AlN20). Side phases: 

O - MgO, * - Si. 
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Figure 13. XRD patterns of reconstituted layered double hydroxides in Mg(NO3)2 

solution at 80 ºC. (A- Mg/AlN80; B- Co/ Mg/AlN80; C- Ni/Mg/AlN80). Side phase: * 

- Si. 

 

The XRD patterns of all samples show the characteristic XRD pattern of the LDH 

(PDF # 22-700). However, the reformation of Ni/Mg/Al LDH at room 

temperature does not proceed fully. The minor amount of oxide phase is present in 

the sample. Interestingly, the XRD patterns of LDHs reconstituted in magnesium 

nitrate solution are slightly different in comparison with those of as synthesized 

(Figure 3) and reformed in water (Figures 9-10) samples. The 003 peak is shifted 

to a lower 2θ angle for all three samples, indicating that the interlayer region is 

expanded by the intercalation of a larger anion, which is most likely nitrate. 
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Obvious decrease of intensity and sharpness of diffraction peaks can be also 

observed. The reformation in the magnesium nitrate solution has the strongest 

effect on the c parameter of LDH (Table 4). The basal spacing represents the 

thickness of a single layer and is normally related to the size of charge balancing 

interlayer anions. For the samples reformed in the magnesium nitrate solution, the 

basal spacings d003 are higher than 8 Å. This corresponds to the values of basal 

spacing of nitrate containing LDH [145]. Following the evolution of the parameter 

c (or better the interlayer free distance, determined as IFD= c’– 4.8 (Å), where 4.8 

Å is the thickness of the brucite layer) it can be observed that samples reformed at 

80 ºC display higher IFD values compared to the analogous samples reformed at 

room temperature. Therefore, a higher amount of nitrate anions could be expected 

in the composition of LDH. The crystallite dimensions for LDH samples were 

also evaluated and presented in Table 4.  

 

Table 4. Crystallographic data and crystallite size of formed LDH after 

reformation in magnesium nitrate solution. 

Sample 

Temperature of 

reconstitution.     

(ºC) 

d003 d006 d110 
Cell 

parameters 

Crystallite 

size (003) 

(Å) (Å) (Å) c (Å) a (Å) (Å) 

Mg/AlN20 20 8.03 3.98 1.53 23.99 3.07 70 

Mg/AlN80 80 8.20 4.02 1.53 24.36 3.07 69 

Co/Mg/AlN20 20 8.08 3.99 1.53 24.10 3.07 61 

Co/Mg/AlN80 80 8.12 4.01 1.54 24.22 3.08 80 

Ni/Mg/AlN20 20 8.11 3.93 1.52 23.97 3.04 28 

Ni/Mg/AlN80 80 8.27 4.05 1.52 24.57 3.05 47 
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The obtained values are compared to those of as synthesized samples in Figure 14. 

Evidently, the crystallite size of LDH depends on the reconstitution media, 

temperature and chemical composition of regenerated LDH. However, the reason 

for wide distribution of crystallite size at different conditions is still unclear.  
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Figure 14. Crystallite size of layered double hydroxides as synthesized and 

reformed in magnesium nitrate solution. 

 

The composition of reformed LDH cations in magnesium nitrate solution at room 

temperature was studied by XRF. The results are presented in Table 5. All 

samples after treatment in magnesium nitrate have a higher concentration of 

magnesium. The small increase in the MII/MIII ratio (3.26 and 3.71 for Mg/Al and 

Mg/AlN20 respectively; 3.23 and 3.34 for Ni/Mg/Al and Ni/Mg/AlN20, 

respectively) was also observed.  
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     Therefore, after regeneration the most affected samples are the LDHs 

containing cobalt, where the MII/MIII ratio increases from 2.86 in the Co/Mg/Al 

sample to 3.71 in Co/Mg/AlN20 sample. Apparently, the lower amount of cobalt 

calculated in the Co/Mg/AlN20 is associated with increase of magnesium content in 

composition. It is important to note that no loss of the transition metal was 

detected. 

      From these results we can confirm that the reconstitution is a process of 

dissolution of mixed-metal oxide and subsequent crystallization of layered double 

hydroxide. This explains well the formation of LDHs with new anions and implies 

a possibility for changing of the cation composition. 

 

3.5. INFLUENCE OF REFORMATION ON MORPHOLOGY 
 

     The influence of reformation process on the surface morphology of the LDH 

samples was investigated using SEM. The SEM micrographs of representative 

nickel containing LDHs are presented in Figures 15-17. It can be seen from Figure 

15, that as-synthesized Ni/Mg/Al LDH is composed of large (1-3 μm) flat plate-

like crystallites. The surface of regenerated Ni/Mg/AlW20 contains agglomerated 

particles (~10 μm) which are covered by smaller (1-3 μm) crystallites (see Figure 

16). Figure 17 shows the SEM micrograph of reformed Ni/Mg/AlN20 LDH sample 

in magnesium nitrate. As seen, many small particles (~1 μm) are partially 

aggregated. In some areas aggregates of fibrous particles can also be found. In 

conclusion, the morphology of regenerated Ni/Mg/AlW20 and Ni/Mg/AlN20 LDH 

samples is slightly different in comparison with as-synthesized Ni/Mg/Al sample. 

The LDH samples after reformation consist of large particles with sharp edges 

along with a high number of smaller particles.  
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Figure 15. SEM micrograph of as-synthesized Ni/Mg/Al LDH. 

 
Figure 16. SEM micrograph of Ni/Mg/AlW20 LDH after hydration in water. 
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Figure 17. SEM micrograph of Ni/Mg/AlN20 LDH after regeneration in the 

magnesium nitrate solution. 

 

     Very important characteristic of layered double hydroxides is the formation of 

high specific surface area after thermal treatment. The adsorption of N2 gas is 

often used to evaluate the surface-accessible area and pore size distribution by the 

Brunauer–Emmett–Teller (BET) and Barret- Joyner- Halenda (BJH) methods. The 

accessible surface is generally that of the internal pores within the crystallites and 

the external surface between the crystallites. Correspondingly, the measured pores 

are those inside and between the crystallites. The influence of reformation process 

on the specific surface area and pore size of mixed metal oxides were investigated 

and the results are presented in Table 6. 
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Table 6. Surface areas, pore volumes and pore diameters of calcined LDH. 

Samples 
calcined at  

Outgas 
temp.  

Surface 
area 

(BET) 

Total 
pore 

volume  

Average 
pore 

diameter 

Max. pore 
diameter 

650 °C ºC m2g-1 cm3 g-1 Å Å 
Co/Mg/Al65 250 169.73 0.365 85.95 62.30 

Co/Mg/AlW20 250 94.22 0.303 128.60 100.10 

Co/Mg/AlW80 250 130.70 0.334 102.30 74.10 

Co/Mg/AlN20 250 110.50 0.342 123.90 18.6-99.4 

Co/Mg/AlN80 250 145.40 0.372 102.50 74.00 

      

Ni/Mg/Al65 400 199.40 0.315 63.22 56.24 

Ni/Mg/AlW20 400 189.94 0.311 65.39 61.74 

Ni/Mg/AlW80 400 195.86 0.319 65.05 60.32 

Ni/Mg/AlN20 400 178.52 0.245 54.89 49.88 

Ni/Mg/AlN80 400 175.02 0.271 61.89 50.03 

 

The N2 adsorption isotherms (desorption isotherms are not shown) of the nickel or 

cobalt containing LDH exhibited type IV isotherms which are characteristic for 

mesoporous materials. The isotherms exhibit slight adsorption at low relative 

pressure due to the presence of micropores. An increase at high relative pressure 

indicates interparticle porosity, which seems to show that formed mixed oxides 

consist mainly of non-porous nanoparticles within the nanometer range (Figures 

18 and 19). It has been reported that the decomposition of hydrotalcites preserves 

the overall particle shape and that the surface perpendicular to the basal planes 

appears cratered [146]. Moreover, materials of high surface area were obtained 

upon decomposition of LDH, irrespective of the starting material [127]. In this 

study LDHs with transition metals after calcination at 650 ºC have high surface 

areas. For example Ni/Mg/Al65 sample reaches almost 200 m2g-1. The specific 

surface areas of cobalt containing samples decreased significantly upon 
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calcination of reformed LDH (from 170 m2g-1 for Co/Mg/Al65 to 94 m2g-1 for 

Co/Mg/AlW20). Introduction of cobalt in MgAlO mixed oxides lowers the surface 

areas [120]. The reformation in water and magnesium nitrate solution show the 

same negative effect on the specific surface areas. This could be explained by 

sintering features. The influence of reformation medium has different effect on the 

surface areas of mixed oxides with cobalt or nickel. Co/Mg/AlW20 and 

Co/Mg/AlW80 samples after calcination show lower values compared to calcined 

Co/Mg/AlN20 and Co/Mg/AlN80 samples. For the nickel containing samples the 

situation is completely reversed, the specific surface area of decomposed 

reconstituted Ni/Mg/Al65 sample slightly decreases after treatment with nitrate 

solutions. 

     Porosity in calcined LDH is created by two different processes. The small 

intraparticle porosity occurs due to a ‘‘cratering’’ process. On the other hand, the 

irregular stacking of plate-like particles creates interparticle pores [33]. The size 

of these interparticle pores depends mainly on the crystal size; interparticle 

porosity contributes largely to the total pore volume (Table 6.). The pore size 

distribution graphics for all samples show one main peak that appears between 50-

130 Å except Co/Mg/AlN20. Figure 20 show the pore size distribution graphic of 

representative calcined Co/Mg/Al65 sample. The mixed oxide samples containing 

cobalt show decrease in total pore volume and increase of average pore diameter 

compared to Co/Mg/Al65 sample.  

     The chosen process to form mixed oxides (synthesis of LDH – calcination- 

reformation to LDH and again calcination) shows minor effect on pore 

dimensions. It can be concluded that reformation media has considerable 

influence on the morphology of mixed metal oxides. The effects for nickel or 

cobalt containing samples are different. 
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Figure 18. Adsorption isotherms linear plots for sample Co/Mg/Al65 (A) and 

thermally treated at 650 ºC samples Co/Mg/AlW20 (B); Co/Mg/AlW80 (C); 

Co/Mg/AlN20 (D); Co/Mg/AlN80 (E). 
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Figure 19. Adsorption isotherms linear plots for sample Ni/Mg/Al65 (A) and 

thermally treated at 650 ºC samples Ni/Mg/AlW20 (B); Ni/Mg/AlW80 (C); 

Ni/Mg/AlN20 (D); Ni/Mg/AlN80 (E). 
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Figure 20. Pore size distribution from the N2 desorption isotherm of the sample 

Co/Mg/Al65. 

 

3.6. APPLICATION OF REFORMED LDH 
 

The field of gas purification was chosen to demonstrate how “memory effect” 

of layered double hydroxide can influence their catalytic activity. The activity for 
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the NOx removal of the catalyst, based on mixed oxides, derived from cobalt 

containing LDH was compared. Hydrotalcites with cobalt in their structure have 

been described as active catalysts for the SOx, NO and N2O removal [14]. The 

possibility of using hydrotalcite derived materials as NOx storage/reduction 

catalysts has also been studied [13]. In this work two cobalt containing LDH 

samples were analyzed in order to show how the reformation of mixed oxides 

derived from LDH can influence the activity of NOx removal. Different reaction 

conditions: lean (530 ppm of NO, 50 ppm of C3H8, 13 % O2) and rich (530 ppm of 

NO, 700 ppm of C3H8, 8 % O2) were used.  

 
Figure 21. NOx conversion during seven cycles lean – rich (120 s lean – 60 s rich) 

at 150 ºC. 
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Figure 22. NOx conversion during seven cycles lean – rich (120 s lean – 60 s rich) 

at 300 ºC. 

 

 
Figure 23. NOx conversion during seven cycles lean – rich (120 s lean – 60 s rich) 

at 450 ºC. 
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The NOx conversion of seven lean - rich cycles, obtained with the reformed 

Co1 sample and just calcined Co2 sample, were compared at different 

temperatures and the results are shown in Figures 21-23. As can be seen, even 

without the presence of a noble metal, the catalysts present some activity for the 

NOx removal at 150 ºC. The most interesting result is that the Co1 sample shows 

higher activity at 150 and 300 ºC temperatures as compared to the sample that was 

fresh calcined at 650 ºC. The NOx is efficiently removed during the first lean 

period, adsorbing the NOx as nitrates, but the activity falls during the rich period, 

without recovering the initial activity in the successive cycles even at 450 ºC 

temperature. Catalysts based on Co/Mg/Al mixed oxides from LDH precursors 

may be considered as promising materials for deNOx catalysts, although the 

chemical composition and morphology have to be finely tuned. In the absence of 

cobalt there is no activity for the reduction of NOx. The activity is related to the 

presence of cobalt centers. It has been shown, that only reduced forms of the 

transition metal show activity [14]. The catalytic results of Co1 and Co2 samples 

seem to indicate that reformation of LDH has influence to the final catalyst 

structures. Probably, the metallic active sites in Co1 structure are more dispersed 

than in the just calcined Co2 sample.  

     Nickel containing samples were also investigated in gas purification field. 

Preparations of catalyst are described in experimental part. The gasification gas 

mainly consists of CO, H2, CO2, CH4, H2O, and N2, but it also contains impurities, 

such as tar and ammonia. These impurities must be removed to prevent fouling 

and blockage of the downstream equipment, as well as NOx emissions during the 

gas combustion. Reformed LDH precursors (Figure 24) were used for catalyst 

preparation for both tar and ammonia decomposition in catalytic hot gas clean-up. 

Mg/Al hydrotalcite was used and nickel was introduced during the reformation 

step.  
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Figure 24. The XRD patterns of: A- hydrotalcite with gibbsite, B- after 

calcination  at 650 ºC, C- after Ni addition, and D- Ni1 sample (after final 

calcination at 850 ºC). Crystalline phases: X – MgO, Y - aluminum oxide; S – 

spinel ;# - hydrotalcite and not market in A difractogram - gibbsite. 

 

Mg/Al was chosen for two reasons. The as decomposed Mg/Al LDHs can be 

easier reconstituted to layered structure compared to LDHs containing transition 

metals. Secondly, these materials were used for the preparation of catalytic blocks 

due to their cost effectiveness. Two different intermediate calcination 

temperatures were chosen in order to study the effect of temperature on the final 

catalyst activity. The lower calcination temperature of 650 °C was selected based 

on previous reports showing it to be the optimal temperature for the creation of 

mixed oxide structures [127]. The higher temperature of 850 °C was selected 

because it is the typical temperature needed for tar decomposition with Ni based 

catalysts [147]. No fundamental differences between calcination at 650 ºC and 

850 ºC were observed. The conversions of the tar model compound, ammonia and 
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methane at 700 and 900 ºC with and without H2S in the synthetic gasification gas 

feed on the non-pre-reduced and reduced catalysts are shown in Table 7. 

Preparations of catalyst are described in the experimental part. 

 

Table 7. Conversion of the tar model compound, ammonia and methane at 700 

and 900 °C without and with H2S in the feed on nonreduced and reduced catalysts. 

  Nonreduced Reduced 

Tar model compound 

conversion, % Without H2S With H2S Without H2S With H2S 

Catalyst / T (°C) 700 900 700 900 700 900 700 900 

Ni1 94 >95 36 93 >95 >95 5 93 

Ni2 74 >95 47 92 >95 >95 28 >95 

Ammonia conversion, 

%         

Catalyst / T (°C) 700 900 700 900 700 900 700 900 

Ni1 50 91 15 81 73 >95 2 84 

Ni2 34 89 20 77 81 >95 15 92 

Methane conversion, %         

Catalyst / T (°C) 700 900 700 900 700 900 700 900 

Ni1 7 40 0 6 76 91 0 9 

Ni2 16 50 0 3 78 >95 9 21 

 

     The obtained data allow us to evaluate the effect of temperature, sulfur content, 

intermediate calcination temperature and reduction on the conversion ability of the 

catalyst. As expected, the conversions of the tar model compound, ammonia and 

methane were higher at 900 ºC than at 700 ºC for all powdered catalysts. It is 

indeed well known that the Ni catalyst is active at 900 ºC. Without the sulfur 

addition, the effect of intermediate calcination of the support material depended 
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on the reaction temperature. At 700 ºC, higher conversions of tar and ammonia 

were observed for Ni1 calcined at lower intermediate temperature. On the other 

hand, at 900 ºC, the intermediate calcination temperature had no discernible effect 

on the conversions of the tar model compound or ammonia whereas a higher 

intermediate calcination temperature was favorable for the methane 

decomposition activity. As expected, the performances of the catalysts were 

significantly impacted by the presence of sulfur. All catalysts showed higher 

activities in tar, ammonia and methane decomposition without H2S than with the 

feed containing H2S. The effect of pre-reduction with H2 was tested by reducing 

the powder samples prior to activity test (see Table 7). After pre-reduction, the 

catalyst samples had the same or higher activities towards the tar model 

compound, ammonia and methane at 900 ºC with and without sulfur addition. The 

positive effect of pre-reduction was observed particularly for methane conversions 

and without sulfur addition, although at 700 ºC only without the addition of sulfur 

to the gas feed. It might be that the reduced surface offers higher availability of 

metal nickel compared to the non-reduced catalysts and is also more susceptible to 

sulfur poisoning which is favored at low temperatures [147]. The reformation of 

mixed oxides to layered structure and introduction of active cations resulted in the 

formation of catalyst with promising results for gasification hot gas cleaning. 
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4. CONCLUSIONS 
 

1. Three layered double hydroxides Mg/Al, Co/Mg/Al and Ni/Mg/Al were 

successfully synthesized by the low supersaturation method. To our 

knowledge, for first time, the thermally decomposed and derived mixed 

metal oxides were reformed to layered structures in water and in 

magnesium nitrate media.  

2. XRD measurements provided direct evidence for phase transformation 

processes during calcination and reformation of layered structure at 

different temperatures. From XRF and TG analyses data the formulas of 

synthesized LDHs [Mg0.77Al0.23 (OH)2] (CO3)0.115 H2O, 

[Mg0.62Co0.12Al0.26(OH)2] (CO3)0.13 0.91 H2O and [Mg0.65 Ni0.11 Al0.24(OH)2] 

(CO3)0.12 1.14 H2O were proposed. 

3. Incomplete regeneration of Co and Ni containing LDH samples at room 

temperature in aqueous media has been observed. However, with 

increasing temperature up to 80 °C the reconstitution process of LDH 

proceeds fully. The reformation of Co containing LDH in Mg(NO3)2 

solution was already observed at room temperature. No essential loss of 

transition metals  during the reformation of mixed metal oxides to LDH 

was detected. Changes in cationic composition after reformation could be 

explained by the increase of magnesium content when the reconstitution in 

magnesium nitrate solution was carried out. 

4. Hydration favours the formation of LDHs with higher crystallite size in 

comparison with the LDH samples reformed in magnesium nitrate medium. 

In most cases, the crystallite size also increased with increasing the 

temperature of reconstitution media to 80ºC.  
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5. The SEM imaging revealed that the LDH samples after reformation consist 

of agglomerated particles (1-3 µm) with sharp edges along with a large 

number of smaller particles. Reformation medium has a considerable 

influence on the morphology of mixed metal oxides. Moreover, the effects 

for nickel or cobalt containing samples were found to be different. Nickel 

containing mixed oxides derived from samples reformed in water showed a 

minor decrease of specific surface area, pore dimensions and total pore 

volume compared to the calcined as synthesized sample. Significant 

decrease of these values were observed for the samples reformed in 

magnesium nitrate solution. The LDH samples containing cobalt showed 

contrary results. 

6. Catalysts prepared from LDHs containing cobalt or nickel were tested for 

the application in gas purification. The reformation effect showed positive 

impact on cobalt containing catalyst for the removal of NOx. A catalyst 

derived from Ni containing LDH showed high activity in tar, ammonia and 

methane removal with and without the feed containing H2S at 900 °C. 
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SUMMARY IN LITHUANIAN (SANTRAUKA) 

      Trijų sudėčių sluoksniuoti dvigubi hidroksidai (SDH) Mg/Al, Co/Mg/Al ir 

Ni/Mg/Al susintetinti bendro nusodinimo esant mažoms koncentracijoms metodu. 

Šie SDH buvo termiškai suskaidyti, ir gautieji mišrūs metalų oksidai reformuoti 

vandenyje ir pirmą kartą magnio nitrato tirpale. Naudojant XRF ir TG duomenis 

nustatytos susintetintų bendro nusodinimo metodu SDH formulės: 

[Mg0,77Al0,23(OH)2](CO3)0,115 H2O, [Mg0,62Co0,12Al0,26(OH)2](CO3)0,13 0,91H2O ir 

[Mg0,65Ni0,11Al0,24(OH)2](CO3)0,12 1,14H2O. XRD analizės rezultatai parodė, kad 

SDH ir mišrių metalų oksidų faziniai kitimai reformavimo metu priklauso nuo 

proceso temperatūros ir terpės prigimties. Co ir Ni turinčių SDH mėginių 

sluoksninės struktūros atstatymas kambario temperatūros vandenyje vyksta 

nepilnai, tačiau pakėlus temperatūrą iki 80 °C pašalinės oksidų fazės 

reformuotuose pavyzdžiuose nebelieka. Kai SDH atstatymui buvo naudojamas 

magnio nitrato tirpalas, katijonų sudėtis pakito dėl padidėjusio sluoksninėje 

struktūroje magnio kiekio, o pereinamieji metalai išlieka SDH sudėtyje. Ryškus 

temperatūros ir vandeninės terpės poveikis stebimas ne tik reformavimui, bet ir 

gautų SDH kristalitų dydžiams. Reformuotų vandenyje kristalitų dydžiai didesni 

nei SDH, gautų naudojant magnio nitrato tirpalą. Be to, SDH kristalitų dydis 

dažniausiai padidėja pakėlus proceso temperatūrą iki 80 °C. SEM tyrimai parodė, 

kad reformuoti SDH susideda iš smulkių kristalitų, linkusių sudaryti didesnius 

aglomeratus. Iškaitinus SDH gautų oksidų morfologija priklauso nuo jų sudėtyje 

esančio pereinamojo metalo ir reformavimui naudoto tirpalo prigimties. Mišrūs 

oksidai su nikeliu, gauti suskaidžius SDH reformuotus vandenyje, pasižymi 

nežymiai mažesniu savituoju paviršiaus plotu ir akučių tūriu, nei termiškai 

paveiktų nereformuotų SDH. Priešingi rezultatai stebėti oksidams, turintiems savo 

sudėtyje kobaltą. Praktiniai panaudojimai reformuotų SDH tirti NOx pašalinimo 

reakcijose ir gazifikacijos metu gaunamų dujų valyme. Kobaltą turinčių SDH 

mėginių aktyvumas parodė, kad oksidai, gauti iškaitinus SDH, yra perspektyvūs 
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deNOx katalizatoriais ir aktyvumas jau stebimas pakankamai žemoje 

temperatūroje (150 ºC). Katalizatoriai, gauti iš nikelį turinčių SDH, 900 °C 

temperatūroje gali būti sėkmingai naudojami šalinant dervas, amoniaką ir metaną, 

net įvedus H2S. 
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