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Abstract 

Due to their flexible chemical composition, reversible intercalation reaction, and 

adaptable morphology, layered double hydroxides (LDHs) hold promising applications 

in catalysis, decontamination of polluted environmental media, and energy production. 

Additionally, microporous materials such as Metal Organic Frameworks (MOFs) 

constitute a class of precursors for the topotactic preparation of a wide range of 

inorganic materials due to their diverse chemical compositions and easily adjustable 

structures. This thesis focuses on the synthesis of LDHs derived from MOFs and their 

performance in environmental remediation. The main contents of the thesis are as 

follows: 

(1) The MOF MIL-88A is synthesized using a novel method. Since the 

hydrothermal synthesis of MIL-88A requires over 6 h of reaction time, microwave-

assisted precipitation, which is more efficient, is chosen to synthesize MIL-88A, and 

the optimal synthesis conditions are investigated. The results show that the 

microstructure of MIL-88A synthesized by the microwave method is more 

homogeneous, and the crystalline form is more stable. 

(2) A new method is developed for the conversion of MOF as a precursor to new 

3D LDH structures. Mesoporous NixFe LDHs are prepared by converting MIL-88A 

(Fe), used here as a sacrificial "template" structure, by reacting nickel nitrate in a basic 

medium, with pH controlled by urea decomposition. The hydrolysis/nucleation/growth 

steps are localized on the surface of the MOF and lead to the intergrowth of NixFe LDH 

nanoplates (LDH/88A), maintaining the initial 3D rod-like structure of MIL-88A. The 

reaction is performed in a microwave reactor, and its optimal conditions are studied. 

(3) Other LDH/MOF conversion reactions have been explored to prepare new 

mesoporous 3D LDH structures with varied compositions and morphologies. The 

effects of ligands and metal cations have been investigated. Microwave syntheses of 

MOFs MIL-101 (Fe), analogous to MIL-88A (Fe) (fumarate ligand replaced by 

benzenetricarboxylate), and MIL-88 (Al), analogous to MIL-88 (Fe), have been 

optimized, and the conditions for their conversion into NiFe and NiAl LDHs studied. 

The reactivity of MIL-88A (Fe) with Co (II), Al (III), and Mg (II) salts has been tested 

with conversion results highly sensitive to the nature of the metal and medium 

conditions (pH). 

(4) In order to develop new materials more effective for heavy metal adsorption, 
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the new 3D LDH structures have been modified by inserting phosphate anions, which 

are reactive towards heavy metals. The adsorption of heavy metals (Pb (II), Cd (II), Ni 

(II)) by Nix/88A-PO4 (x=3,5) is studied and compared to the precursors 

NixFeLDH/88A-Cl (x=3,5), coprecipitated phases NixFeLDH/COP-PO4 (x=2,3), and 

MIL-88A (Fe). The results show that the Ni3FeLDH/88A-PO4 compound exhibits one 

of the highest Pb (II) adsorption capacities (538 mg/g) ever reported in the literature, 

higher than those of coprecipitated phases. Adsorption is compatible with the pseudo-

second-order kinetic model and the Langmuir adsorption thermodynamic model. 

Structural analysis of residues after adsorption (XRD, FTIR, XPS) has revealed the 

nucleation and precipitation of Pb(OH)2 and Pb3(PO4)2 phases on the LDH rod surface. 

(5) NixFeLDH/88A and their calcined derivatives have demonstrated strong 

catalytic reactivity for the degradation of organic pollutants, particularly bisphenol A 

(BPA) activated by peroxydisulfate. Experimental conditions have been optimized to 

achieve the best efficiency. The mesoporous NixFe/88A -S2O8
2- coupling promotes very 

rapid BPA degradation kinetics (a few minutes), more effective than coprecipitated 

analogues. These new catalysts are stable and recyclable. 

 

 

Résumé 

En raison de leur composition chimique flexible, de leur réaction d'intercalation 

réversible et de leur morphologie adaptable, les hydroxydes doubles lamellaires (LDH) 

présentent des applications prometteuses en matière de catalyse, de décontamination de 

milieux environnementaux pollués, ainsi que de production d'énergie. Par ailleurs, les 

matériaux microporeux de type MOFs (Metal Organic Framework) constituent une 

classe de précurseurs pour la préparation topotactique d'une large gamme de matériaux 

inorganiques en raison de leurs diverses compositions chimiques et de leurs structures 

facilement ajustables. Cette thèse se concentre sur la synthèse d’HDL dérivés de MOF 

et sur leurs performances en matière de remédiation environnementale. Les principaux 

contenus de la thèse sont les suivants: 

(1) Le MOF MIL-88A est synthétisé par une nouvelle méthode. La synthèse 

hydrothermale du MIL-88A nécessitant plus de 6 heures de réaction, la précipitation 

assistée par micro-ondes, plus efficace, est choisie pour synthétiser le MIL-88A et 

les conditions optimales de synthèse sont étudiées. Les résultats montrent que la 
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microstructure du MIL-88A synthétisé par la méthode des micro-ondes est plus 

homogène et que la forme cristalline est plus stable. 

(2) Une nouvelle méthode est développée pour la conversion de MOF en tant que 

précurseur de nouvelles structures HDL 3D. Des HDL NixFe à structure 

mésoporeuse sont préparés par conversion du MIL-88A(Fe), utilisé ici comme 

structure « template » sacrificielle, par réaction du nitrate de nickel en milieu 

basique, dont le pH est contrôlé par décomposition de la base retard urée. Les étapes 

d’hydrolyse/nucléation/croissance sont localisées à la surface du MOF et 

conduisent à l’intercroissance de nanoplaquettes d’HDL NixFe (LDH/88A) 

maintenant la structure 3D initiale de type bâtonnet du MIL88A. La réaction est 

effectuée dans un réacteur à micro-ondes et ses conditions optimales sont étudiées. 

(3) D'autres réactions de conversion MOF/HDL ont été explorées afin de préparer de 

nouvelles structures HDL 3D mésoporeuses, de composition et morphologie variées. 

Les effets de ligands et de cations métalliques ont été regardés. Les synthèses par 

micro-ondes du MOF MIL-101 (Fe), analogue du MIL88A (Fe) (ligand fumarate 

remplacé par le benzenedicarboxylate) et du MIL-88 (Al), analogue du MIL-88 (Fe) 

ont été optimisées et les conditions de leur conversion en HDL NiFe et NiAl 

étudiées. La réactivité du MIL-88A (Fe) avec des sels de Co (II), d’Al (III) et de 

Mg (II) ont été testés avec des résultats de conversions très sensibles à la nature du 

métal et des conditions du milieu (pH). 

(4) Dans l’objectif d’élaborer de nouveaux matériaux plus efficace pour l’adsorption 

de métaux lourds, les nouvelles structures HDL 3D ont été modifiées par insertion 

d’anions phosphates, anions réactifs vis-à-vis de métaux lourds. L'adsorption des 

métaux lourds (Pb (II), Cd (II), Ni (II)) par NixFeLDH/88A-PO4 (x=3,5) est étudiée 

et comparée aux précurseurs NixFeLDH/88A-Cl (x=3,5), aux phases coprécipitées 

NixFeLDH/COP-PO4 (x=2,3) et au MIL-88A (Fe). Les résultats montrent que le 

composé Ni3FeLDH/88A-PO4 présente une des meilleures capacité d’adsorption de 

Pb (II) (538 mg/g) jamais reportée dans la littérature, plus élevée que celles des 

phases coprécipitées. L'adsorption est compatible avec le modèle cinétique de 

pseudo-seconde ordre et le modèle thermodynamique d’adsorption de Langmuir. 

L’analyse structurale des résidus après adsorption (DRX, FTIR, XPS) a mis en 

évidence la nucléation et précipitation de phases Pb (OH)2 et Pb3 (PO4)2 à la surface 

de bâtonnet d’HDL.  

(5) Les matériaux HDL NixFe/88A et leur dérivés calcinés ont démontré de forte 
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réactivité catalytique pour la dégradation de polluants organiques et en particulier 

pour le bisphénol A (BPA) activée par le peroxodisulfate. Les conditions 

expérimentales ont été optimisés pour obtenir la meilleure efficacité. Le couplage 

NixFeLDH/88A-S2O8
2- mésoporeuse favorise des cinétiques de dégradation du 

BPA très rapide (quelques minutes), plus efficace que les analogues coprécipités. 

Ces nouveaux catalyseurs sont stables et recyclables.  
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Introduction 

The manufacture of functional materials has long been recognized as a central 

topic in the energy and environmental fields [1]. The composition, morphology and 

structure of materials give them a wide range of properties to meet the needs of the 

target application. In particular, metal-or   ganic frameworks (MOFs), which have a 

periodic structure with organic groups and metal centers as bridges, are becoming an 

alternative to conventional materials due to their versatile superiority [2]. 

Fundamentally, the large surface area and complex pore pattern favor the contact of 

MOFs with substances in most systems. Task specificity can be achieved by their easily 

adjustable structure. Self-templating derivatization can partially inherit the properties 

of MOF precursors, while chemical/thermal treatments will give them more diverse 

properties. A great deal of effort has been invested in the construction of MOF-derived 

metal oxides, carbides, or their composites by thermal treatment. Ultimately, the fragile 

organic framework is changed into a more robust carbon matrix with greater resistance 

to chemicals, currents, acids and bases [3]. As catalysts for energy and environmental 

applications, they present great opportunities and many breakthroughs. However, some 

morphological and structural properties are lost as the framework shrinks during 

thermal conversion. In addition, there is a risk of aggregation of periodically dispersed 

metal nodes, which hinders the fabrication of atomically dispersed metal catalysts [4]. 

It has been found that MOFs template-grown metal hydroxides can be chemically 

regulated to relatively avoid damage similar to that during pyrolysis [5]. Well-defined 

MOF-derived layered double hydroxides can be generated from in situ converted metal 

nodes by judiciously choosing the reaction temperature, time, and synthesis conditions. 

 

Layered double hydroxides (LDHs), are composed of layers of divalent and 

trivalent metal hydroxides as well as anions in the interlayer/inter-lamellar domains, 

represented as M1-x
2+[Mx

3+(OH)2(A
n−)x/n]

x+·mH2O [6]. LDH is also considered as an 

optional material in many fields due to its highly tunable compositional properties and 

easy-to-apply laminate structure [7]. The large specific surface area, highly exposed 

metal sites and surface functional groups allow LDH to excel in catalysis and adsorption 

[8]. The inner cavity of the hollow layered double hydroxide material derived from 

MOF not only increases the loading capacity of the active material and unclogs the 

diffusion pathway, but also provides a buffer space for the volume expansion of the 
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active material, which is conducive to the sustainable utilization of the active material, 

thus effectively improving the overall stability of the active material [9]. 

 

On the other hand, with the continuous advancement of industrialization, a large 

amount of industrial wastewater containing a variety of inorganic and organic 

compounds has been generated, which has caused increasingly serious pollution of 

surface water and groundwater, giving rise to serious environmental problems and 

widespread concern [10]. Although most of these pollutants are found in low 

concentrations in wastewater, most of these pollutants pose a threat to aquatic 

organisms and thus to human health due to their significant bioaccumulation, very 

persistent environmental properties, potential toxicity to humans, and ecological safety 

[11]. For example, bisphenol A (BPA), which is used in the manufacture of epoxy resins 

and plastics, is suspected to be an endocrine disruptor that adversely affects the human 

immune system and the mammary glands at concentrations below critically toxic levels 

[12]. Similarly, various heavy metals such as Ba (II), Zn (II), Hg (II), Co (II), Cr (III), 

Pb (II), Fe (III) and Cd (II) are usually toxic, non-degradable and can not polymerize 

efficiently into macromolecular units, thus exacerbating the removal problem [13]. 

Among these toxic heavy metals, lead (Pb (II)) wastes are of greatest concern. Pb (II) 

is a common highly toxic, non-biodegradable, environmentally persistent and chronic 

neurotoxin associated with many cardiovascular and renal problems that enters water 

systems from different industrial activities [14]. Therefore, it is urgent to deal with the 

above pollutants. 

 

Therefore, in this thesis, novel mesoporous layered double hydroxide materials 

with three-dimensional assembly were prepared by microwave-assisted topologically 

oriented transformation of "metal-organic frameworks" (MOFs) structures (MIL-88A, 

MIL-101) and the synthesis method was optimized. The study focused on NixFe/88A 

materials obtained by transforming MIL-88A (Fe) by ureolysis with Ni2+ ionization in 

a controlled alkaline medium and their derived oxides, as well as the possibility to 

extend the chemical composition to other metal cations. The mesoporous three-

dimensional rod-like structures formed by intergrowth of NixFe/88A-X (X = NO–, Cl–, 

PO4
3–) LDH nanoplates were obtained by ion-exchange and their ability to remove 

heavy metals was investigated. 
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In addition, the catalytic properties of these new NixFe/88A-X materials and their 

calcined derivatives were investigated for the degradation of organic pollutants, in 

particular bisphenol A, by activated persulfate.  

 

The present manuscript is organized as follows:   

 

Chapter I is bibliography on MOFs and LDHs, which includes the structure, 

composition and properties of MOFs and LDHs. And the method of converting MOF 

to LDH and the application of MOF-derived LDH are elaborated. 

 

Chapter II focuses on the synthesis of the materials: it includes a comparison of 

the synthesis of a typical iron-based MOF, MIL-88A, in different reactors, at different 

temperatures and times, and it explores the conditions for the conversion of MIL to 

LDH, and furthermore, the calcination of MIL-88A derived Ni3Fe-LDH/88A to obtain 

Ni3Fe-LDO/88A.The materials were characterized using IR spectroscopy, X-ray 

diffraction spectroscopy, BET and thermogravimetric etc. for characterization. 

 

Chapter III explores the conditions under which MOF is converted to LDH. The 

roles of organic ligands, divalent metals, trivalent metals, MOF backbone metals, and 

etched metal cations are explored separately. 

 

In Chapter IV, the heavy metal adsorbent Ni3FeLDH/88A-PO4 was prepared by 

inserting phosphate into the intercalation layer of Ni3FeLDH/88A using ion-exchange. 

Not only the co-precipitated synthesized Ni3FeLDO/COP-PO4 was compared for 

adsorption efficiency, but also the adsorbents with different nickel-iron ratios were 

compared. Further, selective adsorption and adsorption kinetics and thermodynamics 

were investigated. 

 

Chapter V, on the other hand, focuses on the ability of Ni3Fe LDH/88A and Ni3Fe 

LDO/88A to degrade the organic pollutant BPA in water. Similarly, co-precipitation 

synthesized Ni3FeLDH/COP and Ni3FeLDO/COP were used for comparison, including 

an examination of the effect of light, the rate of catalytic degradation, and the ability to 

recycle. 
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Finally, the manuscript will provide a general summary and outlook of this thesis 

work. 

 

Details of the experiments and publication of the results can be found in the 

Appendix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter I 

Bibliography 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 

 

I.1. Overview of layered double hydroxides (LDHs) 

Hydrotalcite is a natural mineral with a layered structure, representative of a large 

family of isostructural compounds, also named layered double hydroxides (LDHs) [15]. 

From the discovery of hydrotalcite in natural clay minerals by the Swede Circa in 1842 

[16] to the present day, research related to LDHs has a history of more than one hundred 

years. However, the chemical composition of [Mg6Al2(OH)16CO3·4H2O] was not 

reported until 73 years later [17]. LDHs were first prepared in 1942 by Feitknacht et al. 

using the reaction of solutions of magnesium chloride, aluminium chloride, etc. with 

hydroxides [18]. After the discovery of the base catalytic reactivity of LDHs at the 

beginning of the 20th century, the structure of them was gradually explored. Between 

1968 and 1969, Allmann [19] and Taylor [20], for the first time, solved the layered 

structure of LDHs (Hexagonal lattice with rhombohedral symmetry; space group R-3m) 

by means of X-ray diffraction techniques, and pointed out that metal ions were 

statistically located in the octahedral sites of the CdI2 like hexagonal layer, the anions 

and structural water molecules sitting in the interlayer sites. 

 

Since the end of the 20th century, due to the continuous progress of experimental 

characterization methods and analytical techniques, the scope of research on the 

structure, properties, and applications of LDHs has become more and more extensive, 

and the structures and properties of their layers and interlayer guests have been largely 

explored [15, 21, 22]. LDHs are not only found in nature but can be easily prepared 

with wide range of chemical composition and properties. Therefore, it shows important 

application values in the fields of catalysis [23], energy storage [24], supercapacity [25], 

adsorption of pollutants [26], biology/pharmaceuticals vectorization [27], and 

nanocomposite materials such as flame retardants [28]. 

 

I.1.1. Structure and composition of LDHs 

LDHs are a class of two-dimensional layered anionic clay materials. Their 

structure derived from the brucite-like structure MII(OH)2, which consists of stacked 

hexagonal layers made of edge-sharing Mg(OH)6 octahedra [6]. Except that in LDH, 

part of the MII divalent metal cations are replaced by MIII trivalent metal cations giving 
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rise to positive layers [M1-xMx(OH)2]
x+ whose charge are compensated by intercalated 

hydrated anionic species (An−)x/n·m H2O. The chemical composition of LDH can then 

be expressed as [M1-xM
Ⅲx(OH)2]

x+[(An−)x/n·mH2O] [15, 29, 30], where MⅡ is a divalent 

metal cation such as Mg2+, Ca2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+ Zn2+, and MⅢ is a trivalent 

metal cation such as Cr3+, Fe3+, Al3+, Ga3+, and An– is a guest anion such as F–, Cl–, Br–, 

I–, NO3
–, CO3

2–, other organic (carboxylates, sulfates, sulfonates, phosphates, 

phosphonates), oxometallates and anionic complexes [31]. The substitution rate of MIII 

(x = MIII/(MII + MIII)), x, may vary between 0.33 and 0.20, i.e., when the molar ratio (R 

= MII/MIII = (1-x)/x) ranges from 2-4 [32]. Fig. I-1 shows the ideal layered structure of 

LDHs, the surface hydroxyl groups (OH) bound the MII and MIII cations in a μ3OH 

coordination mode, and the guest anions are uniformly arranged with water molecules 

in the interlayers domains [33-35]. 

 

 

Fig. I-1 Schematic representation of an ideal structure for LDH [36]. 

 

It is worth noting here that as research continues, chemical composition of LDHs 

extended to more than two MII or MIII cations in the layer. For example, there have been 

many studies of layered containing three or more metal ions introduced into LDHs [37-

39], increasing then the versatility of their properties. There are a variety of weak 

interaction forces such as van der Waals forces, electrostatic attraction, and hydrogen 

bonding between the hydrotalcite host and guest, and the interlayer water molecules 

combine with the OH on the layered or the interlayer guests in the form of hydrogen 

bonding that insure a great cohesion of the layer stacking [6]. 
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I.1.2. Synthesis techniques for LDHs 

I.1.2.1. Co-precipitation method 

Co-precipitation is the most common method for synthesizing LDHs. This method 

involves the reaction of acidic cations (MII, MIII) with an alkaline solution at constant 

or increasing pH (eq. 1). 

(1-x)M2+ + xM3+ + 2OH– + x/qXq– + nH2O → M2+
(1-x)M

3+
x(OH)2.X

q–
x/q.nH2O  (eq.1) 

Fig. I-2 illustrates the experimental device for a co-precipitation at constant pH. By 

carefully regulating the degree of supersaturation of the solution, and then controlling 

the nucleation and crystal growth, it becomes possible to control the purity of the phase 

and the particle size and shape of the synthesized LDHs. Moreover, co-precipitation, 

allows to fine-tune the structure of the material by manipulating the MII/MIII molar ratio, 

selecting the appropriate interlayer anion, adjusting the synthesis duration, maintaining 

appropriate temperature, and controlling the pH of the solution [40]. It is crucial to 

control the pH of the solution during co-precipitation. Insufficiently low pH levels 

impede the complete precipitation of all metal ions, whereas excessively high pH levels 

result in the solubilization of one or more metal ions. 

 

 

Fig. I-2 Scheme of the co-precipitation device used for LDH synthesis [41]. 
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Co-precipitation synthesis is considered efficient for obtaining crystalline 

materials, mainly due to the relatively long synthesis duration (several days of addition 

and aging steps), the careful control of pH during synthesis, and the inclusion of 

supplementary treatments such as hydrothermal treatment [42]. However, it is worth 

noting that under typical conditions ([Mg2++Al3+] = 1M, Mg2+/Al3+ = 2, [OH–] = 2M, 

addition time of 6 h, pH = 10.0, aging 24 h, T = 25 °C), the resulting Mg2Al-Cl LDH 

particles have size in the range 300 to 500 nm, resulting in relatively small specific 

surface area values ranging from 30 to 70 m2/g. 

 

I.1.2.2. Microwave-assisted Co-precipitation method 

Conventional methods of materials synthesis have changed dramatically with 

advances in technology and are rapidly being replaced by non-conventional synthesis 

methods. Among the non-conventional methods, the precipitation assisted by 

microwave irradiation has demonstrated increase in synthesis perfromances, increase 

in synthesis yield and reaction rates, gain of time, resulting in highly crystalline 

products of high purity [43]. Microwave methods offer several advantages, such as 

shorter reaction times and new physicochemical properties of the resulting materials. 

For example, microwave-assisted synthesis of Al-embedded clays has a higher surface 

area and shorter synthesis time than Al-inserted clays synthesized by conventional 

methods [44]. During microwave processing, microwave energy penetrates the material. 

Some of the energy is absorbed by the molecules and atoms and converted into heat by 

motion, which in turn raises the temperature of the material, the inner parts of the 

material being hotter than its surface, which dissipates more heat to making the 

surroundings. This property has the potential to heat large portions of the material 

uniformly. Using microwave heating does offer a number of advantages. These include 

rapid heating of the material without overheating the surface; removal of gases from 

porous materials without cracking; improved product quality and yield and synthesis of 

new materials and composites [45]. Crystallization is faster when LDH is synthesized 

using microwave irradiation. More precisely, it is applied to the aging of slurries 

obtained by the precipitation method [46]. 
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Pokhriyal et al. found that irradiating a mixture of LiAlH4 and the corresponding 

acid with microwaves for a few minutes rapidly produced a series of 

LiAl2(OH)6X0.5·nH2O LDH compounds intercalated with the anions of aliphatic 

dicarboxylic acids (X: oxalate, malonate, succinate, glutarate, adipate, and sebacate). 

The microwave-assisted reaction of ethylene glycol with [LiAl2(OH)6]OH·2H2O 

favour the intercalation of organic anions that are not easy to intercalated [47]. The 

specific operation is shown in the Fig. I-3. 

 

 

Fig. I-3 Scheme of LDH synthesis by microwave method [47]. 

 

Dileep Kumar Yadav et al. extended this method to the synthesis of Li-M-Al LDHs 

(M = Mg, Co, Ni, Cu, Zn, and Cd) containing three metals (Fig. I-4) [48]. Zhou et al. 

synthesized 3D novel flake-like flower morphology of NiCo-LDH by microwave 

heating and applied it to supercapacitors [49]. Leila Jafari Foruzin et al. provide a fast 

and simple method to improve the photoluminescence properties of lemon yellow/Zn-

Al-LDH and lemon yellow/Mg-Al-LDH. The proposed hybrids were synthesized by 

inserting lemon yellow dye into Zn-Al-LDH and Mg-Al-LDH using a microwave-

assisted method. The emission intensity was also improved due to its high crystallinity 

and uniform nanoplatelet size as compared to the pure dyes and similar hybrids (lemon 

yellow/Zn-Al-LDH-c and lemon yellow/Mg-Al-LDH-c) prepared using the co-

precipitation method. 
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Fig. 1-4 Scheme of MW-assisted synthesis method for 3D petal-like shape LDH [48]. 

 

I.1.2.3 Urea hydrolysis 

Urea is a weak Brønsted base, extremely soluble in water. It can be used as a 

precipitant instead of sodium hydroxide to raise the pH by its thermal decomposition. 

A slow decomposition starting at about 60 °C leads to a progressive increase of pH up 

to 10 [50]. Since urea decomposes slowly, it leads to a lower degree of supersaturation. 

Moreover, prolonged hydrolysis results in the formation of CO3
2− anions in basic 

medium (eq.2). Thus, urea decomposition can effectively control pH and form 

monodisperse LDH materials with high crystallinity [51].  

H2N-C(=O)-NH2 + 2H2O + Heat → CO3
2– + 2NH4

+   (eq. 2) 

Nevertheless, the decomposition of urea results in the formation of CO2, which reacts 

with water to produce carbonates, serving as compensating anions displaying a strong 

affinity with the LDH layers [52]. In such cases, an additional acidic-assisted anion 

exchange may be necessary to replace carbonate anion, depending on the specific 

application being targeted [53]. The purity and crystallinity of LDH phases can be 

enhanced by adjusting the MII: MIII molar ratio, the concentration of urea, the 

temperature of decomposition, and the duration of aging [54]. Urea hydrolysis is a 

gradual process resulting in a limited degree of supersaturation during precipitation. 

This method offers the advantage of generating sizable and thin platelets with a more 

focused particle size distribution within a shorter aging period compared to co-

precipitation [55]. Moreover, urea method is a low-cost method. 

 

Combining thermal activation of urea decomposition and microwave irradiation 

increases further the precipitation efficiency and crystallinity of the as-prepared phases. 



22 

 

Ni-Al LDH have been synthesized by microwave-assisted urea decomposition, and 

pure hydrotalcite-type phase has been obtained in a very short period of time [56]. 

 

I.1.2.4 Hydrothermal post-synthesis treatment 

The synthesis of LDH by co-precipitation, sol-gel method or urea hydrolysis can 

be optimized by a hydrothermal treatment to increase the crystallinity and the size of 

the microcrystals, as described previously [57]. The treatments are usually carried out 

under mild hydrothermal conditions up to 200 °C and autoclave pressure for durations 

ranging from few hours to few days. Fig. I-5 shows the hydrothermal synthesis process. 

 

 

Fig. I-5 Scheme of the hydrothermal post-treatment method applied to LDH [57]. 

 

This method, generally performed in water, is typically done at moderate 

temperatures (30 - 300 °C) and steam pressure, with varying synthesis times ranging 

from a few hours to several days [58]. It involves a dissolution reprecipitation process. 

The advantage of using this synthesis process is the obtention of LDH with higher 

crystallinity, particle with microcrystalline size and high purity of the samples. 

Unfortunately, the longer synthesis time (from hours to days) is a disadvantage of the 

industrial implementation of the hydrothermal treatment. 

 

I.1.3 Properties of LDHs 

LDH is family of 2D materials with unique properties. 

(1) The compositional and structural versatility of LDHs is a key aspect worth 

highlighting. These materials exhibit a remarkable adaptability in their structure, 

characterized by the general formula [MⅡ
1-xM

Ⅲ
x(OH)2]

x+[(An−)x/n·mH2O]. This 

LDH

+

water
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formula allows for flexible adjustments in several parameters: the choice of metals 

within the layers, the ratio of these metals, and the type of anion occupying the 

interlayer spaces. Such adjustments can be tailored according to specific application 

requirements. Moreover, these variations profoundly impact the chemical and 

electronic properties of the layered structure, enhancing its utility across a wide 

range of contexts [59]. Thus, a wide variety of hydrotalcites with different 

properties can be prepared. 

(2) Exchangeability of interlayer anions. The LDH materials display high anion 

adsorption capacities with tunable values, from 257 to 358 cmol/kg for Mg4Al-Cl 

and Mg2Al-Cl respectively [60]. The interlayer anions can be replaced by other 

anions because the body lamellae of LDHs bind with weak interactions with the 

interlayer guest anions [61]. The interlayer anions of LDHs can be exchanged by a 

variety of anions, such as simple inorganic anions like CO3
2–, SO4

2– and other 

simple inorganic anions, organic anions such as C18H29SO3
– or HOC6H4CO2

–, and 

metal complexes anions, etc [62]. By utilizing this feature of LDHs anion exchange, 

a variety of functional LDHs-based materials with anionic intercalation can be 

synthesized, and thus the prepared LDHs composites are also functional.  

(3) In addition to anion exchange properties, LDHs display adsorption properties, 

physisorption or chemisorption, through van der Waals or hydrogen bonding, for a 

large series of neutral or polar molecules. These adsorption properties depend on 

the surface charge of the platelets, which in turn depends on the M2+/M3+ ratio and 

anion charge. The zeta potential () and the point of zero charge (PZC) are 

parameters that determine the adsorption properties. Any modification of the 

surface will result in a strong change of , and PZC, e.g., for example after 

adsorption of lactate dehydrogenase (ldh), Mg-Al-CO3/ldh, PZC can be as high as 

12-12.5 [63]. LDH materials can also adsorb metal cations. As an example, with the 

intercalation of SO4
2– and PO4

3– anions, the adsorption capacity of LDHs for Cd2+ 

increased by an order of magnitude (up to 19.2 times) compare to the Cl– precursor 

[64].  

 

Topological transitions and structural memory effects. A topological transition is 

a reaction or transformation in which the product phase and the reactant phases exhibit 

one or more crystallographic invariance [65]. Some LDHs can undergo a topological 
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transformation under calcination-rehydration process, allowing the calcined LDH to 

reconstruct the original LDHs layered structure when exposed to air or contacted with 

aqueous solutions containing anions under certain conditions [66]. Zhang et al. [61] 

used a combination of theoretical and experimental simulations to model the topology 

of Mg2Al-CO3-LDH at different temperatures. They found that at 330 °C, the interlayer 

guest anions decompose in the interlayer of LDHs, but their layer structure remains 

basically unaffected by the decomposition while at 800 °C, the layered structure of 

LDHs undergoes a complete collapse and recrystallization into a mixture of MIIO and 

spinel MIIMIII
2O4 oxides. Topological transformations of LDHs are important for the 

preparation of metal/metal oxide catalysts derived from LDHs as precursors, and can 

be used for the trapping of hazardous anions in wastewater as well as for the synthesis 

of other functional anion-inserted LDHs materials [67]. 

 

I.2 Overview of Metal Organic Framework (MOF) 

materials 

I.2.1 Structure, composition and morphology of MOF 

I.2.1.1 Definition and classification of MOF 

According to the definition of Union of Pure and Applied Chemistry (IUPAC) A 

Metal-Organic Framework, abbreviated to MOF, is a coordination network with 

organic ligands containing potential voids [68]. MOFs consist of organic and inorganic 

components. They are synthesized from secondary building units (SBU), metal cations 

salts or clusters, and polydentate organic ligands (bridging ligands/joints) including 

carboxylic acids or anionic conjugate bases, such as organophosphorus compounds, 

sulfonates, and heterocyclic compounds, with coordination-type connections [69-71]. 

Their structures are flexible and can be tuned varying the nature of the metal cation and 

linkers and by post-synthesis modification (PSM) [72]. MOF constructions and 

applications have been pioneered and emphasized in the 1990s by the groups of Robson 

[73], Moore [74], Yaghi [75], Kitagawa [76], and Férey [77]. The general synthesis 

process is shown in the Fig. I-6 [78].  
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Fig. I-6 Schematic diagram of synthesis process for MOFs [78]. 

 

In 1995, Yaghi et al. [75] synthesized the first reticulated metal-organic skeleton 

materials (IRMOFs-MOF-5) and described the concept of MOFs, and the discovery of 

MOF-5 further proved that "the effective pore size of microporous molecular sieves can 

break 12 Å". In 1997, Kitagawa et al. [79] reported for the first time metal-organic 

framework materials for reversible gas adsorption and desorption. In 1999, Yaghi et al. 

[80] prepared the microporous structured metal-organic framework material OZn4 (R1-

BDC)3(MOF-5). Based on the preparation of this compound, many porous coordination 

polymers with the same topology (IR-MOF-n) could be prepared by changing the type 

of organic ligand R groups (Br, NH2, C2H4, C4H4, OC3H7 and OC5H11). In addition, 

these MOFs exhibit good adsorption and thermal stability for gas storage applications. 

The above results lay a solid foundation for the theoretical study and the controlled 

preparation of metal-organic frameworks (MOFs). 

 

Depending of the nature of both organic and inorganic components, MOFs can be 

further classified into different subgroups based on their constituent units [81]. 

(i) Zeolitic Imidazolate Frameworks (ZIFs) are synthesized using various metal 

cations and imidazole derivatives. They are zeolite topological materials. ZIFs 

comprise ZIF-8, ZIF-90, ZIF-L, ZIF-71, ZIF-67, ZIF-7, etc. [82]. 

(ii) Porous coordination networks (PCNs) are stereo-octahedron materials, and they 

have a hole–cage–hole topology with a 3D structure. Some of the PCNs are PCN-333, 

PCN-224, PCN-222, and PCN-57 [81].  

(iii) Materials Institute Lavoisier (MILs) MOFs are synthesized using various 

elements that have valence electrons and an organic compound containing two 

carboxylic functional groups and developed by G. Férey’s group. The pore size 
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arrangement of MIL could be converted freely under outward incitement. MIL MOF 

family contains MIL-101, MIL-100, MIL-53, MIL-88, MIL-125, etc. [81]. 

(iv) A University of Oslo (UiO) MOF based on dicarboxylic acid as the PBU and 

Zr6(μ
3-O)4(μ

3-OH) as the SBU was first synthesized by Lillerud and co-workers [81]. 

 

I.2.1.2 Structure and composition of MOF 

MOFs are specialized frameworks of porous crystalline materials with different 

sizes and topologies obtained based on the geometry of the metal ions and the binding 

mode of the bridging ligands [83]. Depending on the structural dimension, MOFs can 

be categorized into species with objects and species without objects (Fig. I-7). In a one-

dimensional (1D) MOF, the ligand bonds are distributed across the polymer in one 

direction, while the possible voids are accommodated by small molecules. In 2D MOFs, 

single types of layers are stacked together by edge-to-edge or interleaved stacking, with 

weak interactions between layers. Modifications to the ligands that make up the layers 

allow control over the stacking method and the functionality within the channel. There 

are two possibilities for the accommodation of guest molecules in a two-dimensional 

structure:  

(i) the space between the layer grids;  

(ii) the space between the layers. 

 

In 3D MOFs, the frameworks are highly porous and stable due to the distribution 

of coordination bonds in three directions. Three-dimensional columnar layers and 

lattices appear in most MOFs. The non-covalent nature of π-π stacking bonds and 

hydrogen bonds facilitates the connections between the building units (one-, two- and 

three-dimensional frameworks). The involvement of these interactions not only 

transforms the framework into an infinite high-dimensional network, but also controls 

its strength and orientation. 
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Fig. 1-7 Perspective view of dimensionality: (a) 1D chains, (b) 2D stacked layers, (c) 

2D interdigitated layers, (d) 3D pillared layers, (e) 3D expanding and shrinking grids 

and (f) 3D interpenetrated grids, G = Guests [84]. 

 

MOFs structures contain nodes formed by clusters of inorganic units called PBUs 

(Primary Building Units) or clusters of metal cations called SBUs (Secondary Building 

Units) attached to organic polydentate ligands [85]. Due to the relatively strong ligand 

bonds between the metal and the ligand, well-defined porous crystal structures can be 

formed that remain stable even after removal of the solvent [69] (which is usually 

required during the synthesis phase). However, this is not always the case and many 

MOFs, especially those with high porosity, are very fragile and sensitive to how the 

solvent is removed. The most commonly used elements in the nodes are transition 

metals such as Zn, Cu, Fe, Cr, Co, Ni, V, Sc, and Y, but alkaline earth metals (e.g., Mg, 

Ca, Sr, Ba, Ra), base metals of the main group of the Periodic Table (e.g., Sn or Al), 

and/or rare earth metals (e.g., lanthanides) are also used [86]. Organic ligands (also 

known as linkers) are another essential component of the MOF structure. o-type (e.g., 

phosphonates, carboxylates, sulfonates) or n-type (e.g., thiazines, pyridines, imidazoles) 

donors are the most commonly used classes of linkers [87] (Fig. I-8). MOFs are 

constructed by linking metals or metal clusters (also known as secondary building units, 

SBUs) with organic linkers, which are mainly carboxylic acids or nitrogen-containing 

ligands [88]. Some representative SBUs and organic linkers are shown in Fig. I-9. 
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Fig. I-8 A generic scheme for the preparation of 1D, 2D and 3D MOF structures, with 

examples of metallic units called PBU (Primary Building Unit) (for example, Cu (II), 

Zn (II) and Zr (IV)) or clusters of metal cations named SBU (Secondary Built Unit) 

 

 

Fig. I-9 Some representative organic linkers for SBUs and MOFs. 
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MOFs can be tuned to some extent by judicious selection of SBUs and joints to 

give them the pore size, structure and function required for a particular application. As 

a representative example, Yaghi et al. demonstrated that by systematically elongating 

the ligand structure, an iso-reticulated series of MOF-74 structures (IRMOF-74-n) can 

be produced [89]. The defined structure of MOFs makes it possible to study the 

structure-property relationship, which is essential for the rational design of novel MOFs 

with desired functional applications. 

 

I.2.1.3 Designable morphology of MOF 

The anisotropy of MOFs allows for the controlled growth of specific crystal planes, 

which in turn allows for the control of MOF crystal size. To date, many structurally 

diverse MOFs have been described in the literature, including spheres, cubes, cuboids, 

cuboids, octahedrons, rods, filaments, sheets, and complex layered structures (e.g., 

flowers) (Fig. I-10). 

 

 

Fig. I-10 Various morphologies of MOF. 

 

The use of monodentate additives modulates crystal growth by affecting the 

coordination equilibrium between metal ions and organic linkers (Fig. I-11). 

Modulating agents compete with multivalent linkers for metal coordination sites during 
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nucleation and crystal growth, thereby modulating the rate of framework extension and 

crystal growth [90]. Competitive coordination of modulating reagents can regulate 

(hinder) the rate of crystal growth, allowing more nuclei to form [91]. Additionally, the 

moderating agent slows down the precipitation of amorphous material, thereby 

increasing the crystallinity of the MOF [90], and physically prevents crystal aggregation, 

which can lead to anisotropic growth [90]. This approach allows control over the size 

(Fig. I-11a) and morphology (Fig. I-11b) of the resulting crystals. As a result, smaller 

and relatively uniform nanoparticles of different shapes can be formed. Typically, 

additives (e.g., monocarboxylic acids or salts) with the same chemical function as the 

linker are used to control the crystal size and morphology. 

 

 

Fig. I-11. Schematic showing the coordination modulation method used to obtain 

metal-organic frameworks. (a) Control of MOF's size and (b) morphology is usually 

achieved by adding a reagent with the same chemical functionality as the linker [92]. 

 

Alkaline modifiers increase the pH of the reaction system, promote deprotonation 

of the linker, and provide more organic anions to coordinate the metal cations. These 

phenomena accelerate the rate of crystal nucleation (Fig. I-12). As a result, smaller 

structures (even nanocrystals) and sometimes altered morphology are possible due to 

the rapid decrease in supersaturation of the reaction system [93]. Nevertheless, a proper 

acid-base equilibrium is essential to regulate the nucleation rate and to obtain 

thermodynamically favorable MOF single crystals. 
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Fig. I-12 Protonation/deprotonation mechanism used to control morphology of metal-

organic frameworks [92]. 

 

One particular additive used to modulate crystal morphology is surfactants. 

Adsorption of amphiphilic compounds on crystal surfaces plays a key role in changing 

crystal morphology and controlling particle size (Fig. I-13). Depending on the affinity 

(interaction energy) of the surfactant for a particular crystal surface, the adsorption of 

the additive is either strong or weak. This can lead to faster growth on one crystal 

surface and slower growth on the other, making it more difficult or easier for reactants 

to attach to the surface. Thus, the addition of surfactant affects the shape and size 

distribution of the product. In addition, amphiphilic compounds can aggregate in water 

and some other solvents to form nanostructured soft matrices. 

 

 

 

Fig. I-13 Morphology control of metal-organic frameworks by adsorption of 

surfactants on specific facets [92]. 
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I.2.2 Synthesis of MOFs 

I.2.2.1 Factors affecting the synthesis of MOFs 

The synthesis of MOFs is affected by a variety of external factors such as the 

choice of organic ligands, metal ion salts, molar ratios, pH, solvents and temperature of 

the reaction medium [94]. Organic ligands can be classified into various types based on 

their coordination groups, including carboxylic acid-based linkers, nitrogen-containing 

heterocycles, phosphoryl and sulfonyl linkers, and cyano linkers. Carboxylic acid-

based linkers are one of the various types of organic linkers, and they are often selected 

as multifunctional organic linkers because they have many coordination nodes that can 

act as hydrogen-bonding acceptors and donors for metal ions, thus allowing the 

assembly of MOFs structures with various structural topologies [95]. Heterocyclic 

linkers containing an N atom have a unique coordination pattern, which improves the 

structural control of the target compound [96]. In addition, positional isomerism of 

ligands with the same coordination group but located at different positions can also 

have a significant impact on the structure of MOFs. For example, the aromatic 

dicarboxylic acids H2IPA and H2TPA both have a tendency to bind and are involved in 

controlling the structural assembly of MOFs [97]. 

 

The choice of metal salts plays an important role in the synthesis of MOF 

structures. For instance, [Cu3(BTC)2] was prepared by using two different metal salts 

Cu(OAc)2 and Cu(NO3)2 and H3BTC as the organic linker. The result revealed that 

Cu(OAc)2 was favourable for the preparation of [Cu3(BTC)2] with a high surface area 

[98]. In addition, the topology of MOFs can be predicted by tuning the coordination 

patterns of metal ions and organic ligands; moreover, the presence of numerous metal 

ions connected through various coordination ligands usually enhances the stability of 

MOFs. Metal ions are the construction nodes of MOFs and have a direct impact on the 

structure of MOFs through their coordination geometry. 

 

The concentration (molar ratio) of precursors is also an important factor in the 

synthesis of MOFs. The topology of MOFs depends mainly on the ratio of metal ions 

to organic linkers [94]. Liu and co-workers explored the effect of the metal to linker 

molar ratio on the synthesized MOF structure by using CoCl2 and btze [99]. The result 
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showed that the initial materials with a molar ratio of Co (II)/btze of 1: 1 or 1: 1.5 form 

2D [Co(btze)2(SCN)2]n MOFs. When they used a molar ratio of 1: 2 or more btze linker, 

a 3D [Co(btze)2(SCN)2]n MOF structure resulted. Organic linkers can adopt different 

coordination modes in different pH ranges [100]. In addition, the degree of 

deprotonation of the linker increases with increasing pH. For example, by increasing 

the pH, Al3+ were coordinated with 4, 6 and 8 -COOH groups to produce MIL-121 (pH 

= 1.4), MIL-118 (pH = 2) and MIL-120 (pH = 12.2), respectively [101]. Spectroscopic 

data showed that the MOFs formed an interpenetrating network at higher pH values, 

whereas there was no interpenetration at lower pH values [102]. 

 

Solvents play an important role in the synthesis and morphology of MOFs. 

Solvents act as structure-directing agents for coordination through metal ions (Fig. I-

14). Therefore, solvents with polarity and higher boiling points are widely used for 

MOF synthesis. The commonly used solvents are DEF, DMF, DMSO, DMA, acetone, 

alcohol, acetonitrile and so on [103]. The MOF preparation process is influenced by the 

reaction medium due to the solubility, solvent polarity and protosolvation behavior of 

the organic ligands. Under the same reaction conditions, different solvents produce 

different forms [104].  

 

 

Fig. I-14 Influence of solvent systems on the morphology of the MOF [105]. 

 

Banerjee and co-workers reported Mg- and PDC-containing MOFs with different 

crystal structures prepared under the same conditions using different solvents [105] 

(DMF, H2O, EtOH, and MeOH). They found that the dimension of the MOF network 
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depends on the solvent's ability to coordinate with the metal. Among them, H2O is the 

most attractive to magnesium, while the other mixed solvents (EtOH: H2O and DMF: 

MeOH) are unable to coordinate with the metal centers, suggesting that water as a 

solvent largely affects the formation of covalent bonds with metal ions. 

 

Temperature is another key factor affecting the properties of the synthesized 

MOFs. The material is highly crystalline at high temperatures due to the good solubility 

of the reactants and the production of large crystals with high superiority. The 

temperature of the reaction mixture is influenced by the rate of nucleation and crystal 

growth. As the reaction temperature changes, the morphology of the MOFs changes 

significantly, allowing it to be used in different applications [106]. Bernini and co-

workers investigated the thermal stability of Ho-succinate MOFs prepared by 

hydrothermal method at both high and room temperatures, and the results showed that 

Ho-succinate MOFs prepared by hydrothermal method is more thermally stable than 

Ho-succinate MOFs prepared at room temperature [107]. 

 

I.2.2.2 Conditions of Synthesis of MOFs 

The synthesis of MOFs is carried out in solvents at temperatures ranging from 

room temperature to approximately 250 °C. Energy is generally introduced using 

conventional electrical heating, through electric potentials, electromagnetic radiation, 

mechanical waves (ultrasound) or mechanical means. The energy source is closely 

related to the duration, pressure and energy per molecule introduced into the system, 

and each of these parameters can have a large impact on the products formed and their 

morphology. Different methods can produce compounds with different particle sizes 

and particle size distributions, as well as morphologies that may have an impact on 

material properties. However, many other synthesis methods and parameters must be 

considered, such as temperature, reaction time, pressure, pH and solvent. Many 

different synthetic methods, including slow diffusion, hydrothermal, electrochemical, 

mechanochemical, microwave-assisted, heating, and ultrasound can be used to produce 

MOFs based on the resulting structure and characterization. 
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I.2.2.2.1 Hydrothermal Synthesis 

In hydrothermal methods [108], heterogeneous reactions are carried out under high 

temperature and pressure conditions in the presence of aqueous solvents and 

mineralising agents. Hydrothermal methods have traditionally been used for metal 

extraction and the generation of large crystals. In recent years, the advantages of 

hydrothermal technology in crystal engineering have been explored more. As far as 

MOFs are concerned, hydrothermal synthesis technology is respected for two reasons. 

The hydrothermal synthesis of metal-organic frameworks (MOFs) typically involves 

mixing solutions of metal ion salts and organic ligands in a solvent and maintaining the 

mixture at elevated temperatures (above 100 °C) for a specific period of time. The 

synthesis of MOFs involves the following steps: Firstly, solubility problems of heavy 

organic molecules can be minimised under experimental conditions. Secondly, the 

nucleation process can be initiated quickly to form rare complexes under the same 

experimental conditions [109, 110]. Under these conditions, the viscosity of the water 

decreases, favouring the mobile activity of the precursors. Under these conditions 

thermodynamically metastable phases of coordination networks or MOFs can be 

isolated. Crystal growth can be enhanced in a steel autoclave, which is placed in a 

programmable hot air oven and operates at temperatures below 300 °C with a retention 

time. The two ends of the vessel are kept at different temperatures, with the warmer end 

dissolving the components and the nucleus starting to grow at the cooler end [111]. The 

hydrothermal synthesis of metal-organic frameworks (MOFs) typically involves 

mixing solutions of metal ion salts and organic ligands in a solvent and maintaining the 

mixture at elevated temperatures (above 100 °C) for a specific period of time. The 

synthesis of MOFs involves the following steps: 

 

The synthesis process of MOFs is carried out at high temperatures in order to obtain 

high crystal yields in an acceptable time. Variables in the synthesis process include 

temperature, pH and chemical composition of the reactants. To obtain nano-sized 
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particles, surfactants or molecular templates are often used. For example, ZIF-8 crystals 

can be turned into cubes in the presence of cetyltrimethylammonium bromide (CTAB) 

[112]. A series of iron-based MOFs, including MIL-53, MIL-88A, MIL-88Bt, MIL-100 

and MIL-101-NH2, have been synthesized by hydrothermal or solvothermal methods 

by P. Horcajada et al [113].    

 

I.2.2.2.2 Microwave-Assisted Synthesis 

Microwave-assisted synthesis relies on the interaction of electromagnetic waves 

with moving charges. These charges can be polar solvent molecules/ions in solution or 

electrons/ions in a solid. In a solid an electric current is formed and heating is due to 

the resistance of the solid. In a solution, polar molecules try to align themselves in the 

electromagnetic and oscillating fields so that the molecules permanently change 

direction. Therefore, using the appropriate frequency, collisions between molecules 

occur, resulting in an increase in the kinetic energy (i.e. temperature) of the system. 

Due to the direct interaction of the radiation with the solution/reactants, MW-assisted 

heating is a very energy-efficient heating method. As a result, high heating rates and 

uniform heating can be achieved throughout the sample. Care must be taken to select 

appropriate solvents and selective energy inputs, as the starting material may interact 

strongly with the MW radiation. Microwave ovens suitable for materials synthesis 

monitor temperature and pressure during the reaction, allowing more precise control of 

the reaction conditions. MW-assisted MOFs synthesis focuses on (1) accelerated 

crystallization, (2) formation of nanoscale products, but is also used to (3) improve 

product purity, and (4) selective synthesis of polycrystals. 

 

A number of metal (III) carboxylate-based MOFs (M = Fe, Al, Cr, V, and Ce) 

were prepared by MW-assisted synthetic routes. The first MOFs synthesized by the 

MW method were Cr-MIL-100 [114]. The compound was synthesized in 4 h at 220 °C 

under MW irradiation in 44% yield, which is comparable to the yield of conventional 

heating synthesis. Similar iron compounds were prepared at 200 °C in 30 min. A 

systematic study showed the influence of composition and process parameters on the 

formation of nanoscale Fe-MIL-88A, where only MW-assisted hydrothermal synthesis 

ensured rapid synthesis of small (<100 nm), monodispersed nanoparticles in high yields 

[115]. In situ and time-resolved in situ crystallization studies were carried out for Fe-

MIL-53 [116] and CAU-1-(OH)2 [117], respectively. In both cases, MW irradiation 
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resulted in a faster reaction rate compared to conventional heating. There are few 

reports on the molecular aqueous solution-assisted synthesis of azide resin-based MOFs. 

Dodecahedral shaped imidazolium salt-based ZIF-8 crystals (∼20 μm) were 

synthesized at 140 °C in 4 h [118]. The ZIF-8 crystals obtained by MW irradiation 

showed a larger specific surface area compared to the material synthesized under CE 

heating conditions. Thin films of ZIF-7 and -8 were also prepared by using MW 

radiation. In a report on ZIF-8, a dense, crack-free film was deposited on bare titanium 

by direct growth [119].  

 

I.2.2.2.3 Electrochemical method 

Instead of using metal salt solution, electrochemical synthesis involves the 

continuous introduction of metal ions into the reaction medium by anodic dissolution, 

which contains dissolved linker molecules and conductive salts. The use of a proton 

solvent avoids metal deposition on the cathode, but H2 is produced in the process. 

Another approach is to use preferentially reducing compounds such as acrylonitrile, 

acrylates or maleates [120]. It is possible to prepare products containing small amounts 

of MOFs and obtain quantitative yields in a short time (10-16 min) [121]. In addition, 

water is an unifacial product produced from metal oxides and is used as a substitute for 

metal salts in some cases. On the other hand, the low solubility of metal oxides leads to 

their rare use in solvent-based reactions. The use of organic reactants with low melting 

points and hydrated metal salts, especially those containing essential anions, appears to 

be useful. 

 

I.2.2.2.4 Sonochemistry method 

Sonochemistry involves chemical reactions that occur using high-energy 

ultrasound waves on reaction mixtures. Chemical reactions in homogeneous liquids 

may occur in cavities (harsh conditions), at interfaces (intermediate pressures and 

temperatures), or in bulk media where there are strong shear forces. Under harsh 

conditions and strong shear, free radicals with additional reactions, bond breaking, and 

molecular buildup in excited mode may occur. Synthesis of organic and nanomaterials 

is carried out through a wide range of applications of sonochemistry. In the synthesis 

of MOFs, the main goal of sonochemical synthesis is to design a method that is fast, 

environmentally friendly, energy efficient, easy to use and can be applied at ambient 
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temperatures [122]. Some MOF synthesis methods as well as parameters are shown in 

Table. I-1. 
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Table. I-1. Representative MOF synthesis studies 

Method Sample Metal Ligand 
Synthesis conditions 

Comments Ref 
Solvent Condition 

CS MOF-5 Zn(NO3)2·4H2O H2BDC DMF /chlorobenzene 120 ℃, 24 h 

Isoreticular MOF (IRMOF-n) 

synthesis, methane storage (25 

°C,40 bar). 

[123] 

 UiO-66 ZrCl4 H2BDC DMF 120 ℃, 24 h 
H2 (-196 °C,1 bar) and CO2 (0 

℃,1 bar) adsorption. 
[124] 

 Cr-MIL-101 Cr(NO3)3·9H2O H2BDC H2O (add 1 M HF aq.) 220 ℃, 8 h Structure analysis. [111] 

 IRMOF-3 Zn(NO3)2·4H2O H2BDC-NH2 DEF 85 ℃, 96 h 
CO2 adsorption (25 °C, 1-40 

bar). 
[125] 

 Al-MIL-53-NH2 Al(NO3)3·9H2O H2BDC-NH2 DMF 130 ℃, 5 days 
CO2 pressure swing 

adsorption (50°C, 20 bar). 
[126] 

 HKUST-1 Cu(NO3)2·3H2O H3BTC H2O/EtOH 180 ℃,12 h Structure analysis. [127] 

 Fe-MIL-100 Metallic iron (Fe0) H3BTC 
H2O (add HF + HNO3, 

aq.) 
150 ℃, 6 days (pH<1) Friedel-Crafts benzylation. [128] 

 ZIF-8 Zn(NO3)2·4H2O HMelm DMF 85 ℃, 72 h High-throughput synthesis. [129] 

MW MOF-5 Zn(NO3)2·4H2O H2BDC NMP 800 W,105 ℃, 30 min 
CO2 adsorption (25 ℃,1-40 

bar). 
[130] 

 Cr-MIL-101 Cr(NO3)3·9H2O H2BDC H2O/EtOH 
600 W, 210 °C, 40 

min 

Benzene sorption (30°C,1 

bar). 
[131] 

 Fe-MIL-53 FeCl3·6H,O H2BDC DMF 
300 W, 150 ℃, 10 

min 
Synthesis study. [132] 
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 Fe-MIL-101-NH2 FeCl3·6H,O H2BDC-NH2 DMF 150 ℃ ,15 min 
Br-BODIPY sorption (room 

temperature, 2 days). 
[133] 

 IRMOF-3 Zn(NO3)2·6H2O H2BDC-NH2 DEF/EtOH 150 W,35 s Synthesis study. [134] 

 Co-MOF-74 Co(NO3)2·6H2O H4DHBDC DMF: EtOH: H2O=1: 1: 1 180 W,130 ℃,60 min 

CO2 and H2O adsorption (25 

℃, 1 bar), CO2 cycloaddition 

reaction 

[135] 

 HKUST-1 Cu(NO3)2·3H2O H2BDC EtOH 300 W, 140 ℃,1 h Synthesis study. [136] 

 Cr-MIL-100 C3H9CrO9S3 H2BDC H2O (HF aq. addition) 220 ℃, 4 h Synthesis study. [114] 

 ZIF-8 Zn(NO3)2·6H2O HMelm DMF 140 ℃, 3 h Synthesis study. [137] 

SC MOF-5 Zn(NO3)2·6H2O H2BDC NMP 60 W, 30 min 
CO2 adsorption (25 °C,1-40 

bar). 
[138] 

 Mg-MOF-74 Mg(NO3)2·6H2O H4DHBDC 
DMF: EtOH: H2O=15:1: 1 

(add TEA) 
500 W,1 h 

CO2 and H2O adsorption (25 

°C, 1 bar), CO2 cycloaddition 

reaction 

[139] 

 HKUST-1 Cu(OAc)2·2H2O H3BTC DMF:EtOH:H2O=3: 1: 2 150 W,1 h Synthesis study. [140] 

 PCN-6, PCN-6' Zn(NO3)2·4H2O H3BPTC DEF 
PCN-6; 300 W, 1 h; 

PCN-6'; 150 W, 1 h 

Interpenetration controlled 

MOF synthesis, CO2 

adsorption (25 ℃, 1-30 bar). 

[141] 

 ZIF-8 Zn(NO3)2·6H2O HMelm 
DMF (add TEA+NaOH 

aq.) 
300 W, 1 h 

Scale-up synthesis study, 

Knoevenagel condensation 

reaction 

[142] 

EC AI-MIL-53 Al(NO3)3·9H2O H2BDC H2O:DMF=90:10 
Electrolyte : KCl, 90 

°C, 10 mA 
CO2 adsorption (25 °C,30 bar) [143] 

 AI-MIL-53-NH2 Al(NO3)3·9H2O H2BDC-NH2 H2O:DMF=90:10 
Electrolyte : KCl, 90 

°C, 10 mA 

Synthesis study, CO2 

adsorption (25 °C, 30 bar) 
[143] 
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CS = conventional solvothermal heating, MW = microwave-assisted, SC = sonochemical, EC = electrochemical, MC = mechanochemical synthesis 

H2BDC = 1,4-benzenedicarboxylic acid, H2BDC-NH2 =2-amino-1,4-benzenedicarboxylic acid, H3BTC = 1,3,5-benzenetricarboxylic acid,  

HMeIm = 2methyl imidazole, H4DHBDC = 2,5dihydroxy-1,4-benzenedicarboxylic acid, H3BPDC = 4,4'-biphenyldicarboxylic acid, HIm = imidazole 

DMF = N, N-dimethylformamide, DEF = N,N-diethlyformamide, NMP = N-methyl-2-pyrrolidone,  

HF = hydrofluoric acid, MeOH = methanol, EtOH = ethanol, TEA = triethylamine, MTBS = tributylmethylammonium methyl sulfate,  

Br-BODIPY = 1,3,5,7-tetramethyl-4,4-difluoro-8-bromomethyl-4-bora-3a,4a-diaza-s-indacene (optical imaging contrast agent),  

THT = tetrahydrothiophene (sulfur odorant components). 

 

 

 

 HKUST-1 Copper plate H3BTC MeOH 
12-19 V, 1.3 A, 150 

min 

THT removal (25 °C, 1 bar), 

H2 storage (-196 °C,40 bar), 

Kr/Xe separation (55 °C, 40 

bar) 

[144] 

 Al-MIL-100 Al(NO3)3·9H2O H3BTC H2O/EtOH=25: 75 
Electrolyte: KCI, 60 

°C, 50 mA 
Synthesis study. [143] 

 ZIF-8 Zn(NO3)2·6H2O HMelm DMF 
Electrolyte: MTBS, 25 

℃, 50 mA 
Synthesis study. [143] 

MC HKUST-1 Cu(OAc)2·H2O H3BTC No solvent/MeOH 25 Hz, 15 min Liquid-assisted grinding. [145] 

 ZIF-8 ZnO HMelm DMF 5-60 min, 30 Hz Synthesis study. [146] 

 ZIF-4 ZnO HIm DMF 5-60 min, 30 Hz Synthesis study. [146] 
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I.2.2.3 Stability of MOFs 

MOFs usually have weak stability, such as poor water stability, acid-base stability, 

thermal stability, and mechanical stability. However, the stability of MOFs is crucial 

for various practical applications. The degradation of MOFs in water vapor or liquid 

water can be observed as a series of substitution reactions in which the metal-ligand 

linker is replaced by water or hydroxide. Therefore, a direct way to improve the stability 

of MOFs is to increase the strength of the coordination bond between the SBU and the 

organic linker. Up to now, some water-stable MOFs that have been extensively studied 

include the chromium-based MIL-101 series [111], zeolitic imidazolate frameworks 

(ZIFs) [147] or metal azolate frameworks (MAFs), the zirconium-based carboxylates 

[148], the aluminum-based carboxylates [149], the pyrazole-based MOFs [150] and 

others. Zhang et al. greatly improved the moisture/water stability of hydrophilic MOFs 

by decorating the surface of hydrophobic and permeable polydimethylsiloxane (PDMS) 

thin layers by vapor deposition. The surface modification hardly changed the surface 

area of the original MOFs [151]. In addition, there are many other ways to change the 

thermodynamic stabilization factor of the framework. For example, Zhu et al. found 

that heterometallic MOFs have excellent water stability after doping metal ions (Cu2+, 

Cd2+, or Fe2+) in STU-1A gyrolike MOFs [152]. 

 

Building stable MOFs with good acid/base stability is more challenging than 

water/wet stability. According to the hard/soft acid/base (HSAB) principle, the 

interactions between hard Lewis acids and bases or soft Lewis acids and bases are much 

stronger than those between hard acids and soft bases or soft acids and hard bases [153]. 

A common design strategy is to combine high oxidation state metal ions (hard acids) 

with carboxylic acid ligands (hard bases) to produce strong bonds resistant to chemical 

attack. Among them, zirconium-based MOFs are of particular interest due to their rich 

structural types, excellent stability, and diverse properties and functions [154]. For 

example, Feng et al. used Fe-TCPP (TCPP = tetrakis (4-carboxyphenyl) porphyrin) as 

the heme-like ligand and Zr6 clusters as the nodes to obtain a highly stabilized 

mesoporous MOF, PCN-222 (Fe), which could remain stable in 8 M HCl for 24 h [155]. 
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I.2.2.4 Functional sites of MOFs 

Functional sites of MOF materials can be generated from the pore surface (Fig. I-

15). For example, functional groups such as pyridine groups and amines capable of 

recognizing specific small molecules can be doped directly into organic linkers. 

Recently developed multivariate MOFs can easily introduce multiple functional sites 

into the pore surface. Post-synthetic modifications of SBUs or organic linkers may 

introduce functional groups that are incompatible with MOF synthesis. Metal 

ions/clusters and organic ligands of MOFs with different electronic, magnetic and 

optical properties can be carefully tuned to match specific applications. In addition, the 

pore space of MOFs can be equipped with a variety of functional guests to realize 

multiple functions. The pore sizes of MOFs range from micropores to macropores and 

can accommodate a wide variety of substances such as individual metal atoms, 

nanoparticles, metal complexes, organic dyes, polymetallic oxides, polymers, and small 

enzymes [156]. 

 

 

 

Fig. I-15 Illustration of the construction elements of a functional MOF. 
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I.3 Conversion of MOF to LDH and to heterostructure-

based LDH 

The construction of functional materials has long been recognized as a central 

topic of discussion in the fields of energy and the environment [1]. The composition, 

morphology and structure of materials endow them with a wide range of properties to 

fulfil the needs of target applications. In particular, metal-organic frameworks (MOFs) 

with periodic structures bridged by organic groups and metal centres are promising 

alternatives to conventional materials due to their multifunctionality [157]. By 

employing Metal-Organic Frameworks (MOFs) as either parent or sacrificial templates, 

self-templated derivatization can effectively harness and partially retain the unique 

properties of the MOF precursors. This approach not only preserves key characteristics 

but also introduces a wider range of variable properties through chemical and thermal 

treatments [158]. However, some morphological and structural properties of MOF-

derived metal oxides, carbides, or their composites constructed by thermal treatment 

are lost due to the contraction of the framework in thermal transformations. There is 

also a risk of aggregation of periodically dispersed metal atoms, which hinders the 

construction of atomically dispersed metal catalysts [159]. Needless to say, the lack of 

well-organized structures is a regrettable loss during uncontrolled derivation [5]. In 

contrast to thermal treatment, it was found that metal hydroxides grown on templates 

of MOFs can be chemically regulated to relatively avoid damage similar to that during 

pyrolysis. As an example, a typical iron-based MOF, MIL-88A, has been successfully 

converted to LDH and used for environmental remediation by many researchers (Table 

I-2). 

 

By methods such as etching, the original MOFs are deconstructed, while the 

isolated metal and organic anions are involved in the growth process of LDHs. Taking 

three-dimensional (3D) MOFs as a template, the growth process of LDHs is more 

centered on the uniformly distributed metal sites, forming a uniformly extended two-

dimensional (2D) layer [160]. Derivatives can be endowed with new properties in terms 

of composition and structure. 
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Table. I-2. LDH transformed by MIL-88A as a template 

 MOF LDH Application Ref. 

1 MIL-88A CoFe-LDH HER [161] 

2 MIL-88A Ni-Fe-Cu LDH Biosensor [162] 

3 MIL-88A S@Ni/Fe LDH Lithium-sulfur 

batteries 

[163] 

4 MIL-88A Ni-Fe-MoSx LDH Electrocatalyst [164] 

5 MIL-88A S@Ce-Ni/Fe LDH Lithium-sulfur 

batteries 

[165] 

6 MIL-88A Fe-Ni3Co2 LDH Supercapacitor [166] 

7 MIL-88A Co-Fe LDH Electrocatalyst [167] 

8 MIL-88A Ni-Fe-Ce-LDH Water splitting [168] 

9 MIL-88A MIL-88@CoNi-LDH OER [169] 

10 MIL-88A Fe-FA@Co(OH)2 Supercapacitor [170] 

11 MIL-88A CuNiFe-LDH OER [171] 

12 MIL-88A FeSe2@CoSe2/FeSe2 yolk-shell 

polyhedron 

Batteries [172] 

13 MIL-88A Fe2P-NiCoP OER [173] 

14 MIL-88A Co-Fe LDH@S Lithium-sulfur 

batteries 

[174] 

15 MIL-88A NiCoFe-HO@NiCo-LDH OER [175] 

16 MIL-88A MIL-88A@Ce-FeCo LDH OER [176] 

17 MIL-88A MIL-88A/Ni(OH)2 OER [177] 

18 MIL-88A CoFeS@rGO Sodium Storage [178] 

 

Multiple aspects of catalytic performance can be directly improved by exposing 

more active metal sites in the layers and better mass diffusion through layered channels. 

In addition, fragile organic frameworks are transformed into more stable inorganic 

hydroxide structures. More importantly, the partial or complete conversion of MOFs to 

LDHs is equivalent to the creation of hollow structures, which provide unique cavities 

for reactions such as energy conversion and pollutant removal. Thus, the strengths of 
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the two are tightly integrated in the conversion process while overcoming each other's 

weaknesses. Common transformation strategies for the conversion of MOFs to LDHs, 

including alkaline hydrolysis, etching templates, and post-growth pyrolysis (Fig. I-16). 

The conversion of MOFs to LDHs in this form is simple and natural, and the resulting 

LDHs have more specific structural/compositional properties. 

 

 

Fig. I-16 Schematic view of MOFs as templates for LDHs generation [179]. 

 

I.3.1 Alkaline hydrolysis 

Since metal nodes in MOFs are usually complexed with negatively charged 

organic ligands, the generation of metal hydroxides by OH– substitution is probably the 

most readily conceivable route and has been shown to be feasible [177]. Pretreatment 

and immobilization of MOFs with stable ligands can avoid the loss of metal ions and 

complete destruction of the framework during alkaline hydrolysis. Therefore, it is 

crucial to find or obtain relatively "robust" MOFs. In 2019, the role of μ3
-OH in MOFs 

named Ni3[(OH)(Ina)3(BDC)1.5] was revealed by the introduction of 18O-labeled MOFs 

by synthesis and alkaline hydrolysis (shown in Fig. I-17 [180]). Scanning electron 

microscopy images (Fig. I-17 b, c) show that hydroxyl substitution indeed occurs and 

the surface of the MOFs is covered with a lamellar structure. However, the μ3
-OH used 

to construct the MOFs was not completely substituted, retaining 28% and 32%, 

respectively. The study indicates that the pre-constructed stabilizing groups within the 

MOFs exhibit a certain level of resilience against internal Ni2+ leaching and the 

complete disruption of the framework. In fact, they further observed that the series of 
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MOFs without μ3
-OH showed morphological loss under alkaline conditions, which 

proved its importance. 

 

 

 

Fig. I-17 (a) Two ways to monitor the μ3-OH groups by an isotopic tracing 

experiment; (b) SEM image of the Ni/Co-MOF-7:3 precursor; (c) SEM image of the 

Ni/Co-LDH-7:3 [180]. 

 

Conversion of MOFs to LDHs using alkaline hydrolysis has been rarely 

investigated, and such in situ conversion can bring many benefits: (i) well-dispersed 

metal sites in MOFs are the nucleation sites of LDHs, which avoids self-stacking; (ii) a 

larger specific surface area supports and exposes a larger number of active sites; (iii) a 

well-preserved porous structure provides channels for molecular diffusion, which 

increases the accessibility of LDHs; (iv) organic ligands isolated from frameworks by 

OH- substitution can be recycled economically, which is beneficial for large-scale 

industrial production. However, the controlled growth of LDHs is difficult to realize 

due to its not yet fully defined mechanism. On the other hand, the unavoidable dilemma 

of the alkaline hydrolysis method is the necessity of selecting bimetallic MOF as a 

precursor, which is a demanding and complicated prerequisite. 

 

I.3.2 Pyrolysis with post-growth 

Compared to the direct conversion of MOFs, the pretreatment process of pyrolysis 

can confer higher chemical and thermal stability to the internal structure due to the 

replacement of the relatively fragile organic framework with an inactive carbon-based 

structure [181]. Chen and co-workers [182] added polyvinyl pyrrolidone to a mixture 
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of Ni(NO3)2·6H2O and Fe(NO3)3·9H2O solutions to promote chemical deposition of 

NiFe-LDHs on the surface of the ZIF-L derived Co-NC (Fig. I-18a). Ao et al. [183] 

employed Co-MOF/CC-derived CoS NRs/CC as precursors and adopted the 

electrodeposition method to load Co2+ and Ni2+ to generate CoNi-LDH (Fig. I-18 b). 

Zhang et al. [184] controlled the production of surface-covered LDHs by the addition 

of NH3·H2O (Fig. I-18 c). Unfortunately, as seen in the above studies, the process of 

material synthesis is somewhat complex and energy intensive. Simpler and more 

controllable pyrolytic template generation is necessary but still challenging. 

 

 

 

Fig. I-18 (a) Schematic illustration of the preparation process of Co-NC@LDH [182]; 

(b) Schematic of Synthesizing Heterostructural CoS@CoNi-LDH/CC [183]; (c) 

Schematic illustration of the in situ antisolvent method for the preparation of 

hydrangea-like HCo3O4-NC@CoNi-LDH composites [184]. 

I.3.3 Etching templates 

Etching has been recognized as an effective method to customize MOFs with 

different pore structures and rich functionalities [185]. Removal of linkers or clusters 
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of metal ions by chemical etching makes the MOF more defective, resulting in 

additional beneficial features [186]. Jiang et al. [187] realized the conversion of MOFs 

to LDHs by etching with an ethanol solution of metal nitrate. They suggested that the 

hydrolysis of metal nitrate is the main mechanism leading to the conversion. The 

protons generated by hydrolysis can etch the ZIF-67 template and release Co2+ at the 

same time. The free Co2+ can then combine with hydrolyzed metal ions, such as Mg2+ 

and Ni2+, to form LDHs by co-precipitation. Ultimately, the higher hydrolysis rate of 

nickel nitrate produced more nucleation sites, leading to denser LDHs nanosheets (Fig. 

I-19 a). However, also in their study, both high valence and high concentration of metal 

ions led to the rapid dissolution of ZIF-67, resulting in undesired structures. The (003), 

(006), (012), and (110) reflections of a typical LDH material are clearly observed in the 

XRD spectra of the three samples (Fig. I-20 a), indicating that the samples have the 

same layered LDH structure. The different effective ionic radii of the divalent metals 

(Mg2+, Ni2+, Co2+) lead to the different positions of the (110) reflection for each sample. 

The hierarchical structure of the Ni-Co LDH nanocage consisting of thin nanosheets 

yields a high Brunauer-Emmett-Teller (BET) surface area of about 196 m2/g (Fig. I-20 

b), which may enhance its electrochemical properties.  

 

 

 

 

Fig. I-19 (a) The formation illustration of LDH nanocages by simultaneous 

precipitation and acidic etching. The TEM image in the upper right corner shows the 

as-prepared Mg–Co LDH nanocages [187]. (b) Schematic illustration of the formation 

process of NiFe-LDH@Fe-MOF/IF-2 [188]. (c) A schematic diagram of the 

preparation process for Ni-BDC@NiFe-LDH [189]. 
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Fig. I-20 XRD patterns of the as-prepared LDH nanocages[187]. 

 

Similarly, the effects of etching metal salt concentration and etching time were 

observed in the Fe-MOFs to NiFe-LDHs transformation (Fig. I-19 b) [188]. With the 

gradual introduction of Ni2+, the tightly stacked Fe-MOF sheets were separated and 

dispersed to generate layered LDH. The high concentration of Ni2+ induces the 

overgrowth of LDH, which results in agglomeration and leads to a decrease in surface 

area. Dong et al. [189] prepared the Ni-BDC@NiFe-LDH by dissolving NaOH and 

Na2CO3 into the solution of Ni-BDC and Fe(NO3)3 to control pH equal to 10 (Fig. I-19 

c). The stage that MOFs and LDHs both existed was achieved. Besides, the free CO3
2− 

could insert into the interlayers of LDHs to better construct their sheet-like structure. 

As the metal ions precipitate out of the framework to the outside, most of the similar 

transformations are formed on the surface of the MOFs, like the outer shell of the LDHs 

[190]. High etching leads to a hollow structure with complete structural evacuation of 

MOFs, whereas insufficient etching relatively retains MOFs to produce a core-shell 

structure [191]. Wang et al. [192] chose ZIF-8 nanocubes as precursors to explore the 

growth mechanism of LDHs. In the first stage, the (100) face of ZIF-8 was initially 

etched, and then a gap appeared between the newly generated shell of LDHs and the 

contracted ZIF-8 nanocubes. Eventually the LDHs nanocage was fully grown and the 

remaining ZIF-8 was completely etched away (Fig. I-21 a). Furthermore, the next study 

of the reaction conditions showed that high concentrations of Co(NO3)2 or high levels 

of water lead to failure of the LDHs shell growth, as the fast diffusion rate prevents the 

LDHs from precipitating on the surface. To generate homogeneous mixed core-shell or 

hollow structures, solvents such as low concentrations of metal nitrates or ethanol are 

required as buffer protection. Their work provides insight into the mechanism of the 

etching template method, and Fig. I-21b shows the gradual growth of shell-in-shell 
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LDH nanocages under the same mechanism [191, 193]. The etching proceeds from the 

outside in to grow LDH on the surface of pristine MOFs. 

 

 

Fig. I-21 (a) The conversion of ZIF-8 nanocubes into LDH nanocages in a Co(NO3)2 

solution; (b) The conversion process of core − shell ZIF nanoparticles into shell-in-

shell LDH nanocages in a Co(NO3)2 solution [192]. 

 

Fig. I-22 shows the changes in the crystal structure of HIH-LDH-2 during each 

preparation step. In the XRD spectra of HIH-LDH-2, the ZIF-67 diffraction peaks of 

HCS@ZIF-67-2 disappeared, and new peaks appeared around 2θ = 11.4°, 22.7°, 34.0°, 

and 60.4°, which were related to the (003), (006), (009), and (110) diffraction of the 

LDH structure, respectively. In addition to the LDH diffraction peaks, the (002) carbon 

peak of HCS was also detected in the HIH-LDH-2 spectrum. This result suggests that 

the ZIF-67s of HCS@ZIF-67-2 were completely converted to nickel-cobalt LDH 

during the transformation process and retained the HCS crystal structure. 

 

 

Fig. I-22 (a) XRD patterns and (b) Nitrogen adsorption/desorption plots of HCS, 

HCS@ZIF-67-2, and HIH-LDH-2. 
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Since the introduction of this etching template method, many MOFs have been 

used to synthesize LDHs, as shown in Table. I-3. Thus, their study has several 

advantages that contribute to the construction of LDHs. First, it is essential to intercalate 

the interlayers of LDHs with anionic groups, where negatively charged organic ligands 

and NO3
– from nitrate can be naturally inserted into the interlayers during the 

transformation process [194]. The pH can then be adjusted by mixing other alkaline 

hydrolysis salts into the solution to simply promote the generation of LDHs, as well as 

interlayer anion supplementation [195]. In addition, the detached organic ligands can 

be recovered and reused, thus avoiding the waste of expensive organic ligands [196]. 

Various MOF composites are good precursors. The selection of them as precursors 

allows the construction of LDH composites, which proves the applicability of the 

method. More composite units are more adaptable to metal ion solutions than other 

methods. Therefore, more efforts can be made in applying this method to synthesize 

LDH with complex structures [197]. 

 

Table. I-3. A series of MOF-derived LDHs prepared by etching templates method. 

MOF 

precursors 
Etchants Solution 

Impregnation 

time 
Temperature LDH derivatives Ref. 

ZIF-67 Ni(NO3)2 

Mg(NO3)2 

Co(NO3)2 

Ethanol 1 h 
Room 

temperature 

NiCo-LDH, 

MgCo-LDH, 

CoCo-LDH 

[187] 

ZIF-8, 

ZIF-67@ZIF-

8 

Co(NO3)2 

DI water: 

Ethanol 

2:1 

1,3,5,10 min 
Room 

temperature 
ZnCo-LDH [192] 

ZIF-67 Co(NO3)2 Ethanol 1 h 90℃ NiCo-LDH [198] 

Fe-MOF/(iron 

foam)IF 
NiCl2 Ethanol 6 h 150℃ 

NiFe-LDH@Fe-

MOF/IF 
[188] 

Mg-MOF-74 

Mg(NO3)2 DI water 30 min 
Room 

temperature 

Mg-MOF-

74@Mg2Al-

CO3 LDH 

[199] 

CC@ZIF-67 Ni(NO3)2 Ethanol 1 h 25℃ CC@MOF-LDH [200] 

ZIF-67 
Co(NO3)2 Ethanol 90 min 

Room 

temperature 

Co-LDH hollow 

dodecahedrons 
[201] 

Fe-MIL-88 Ni(CH3COO)2 

N,N-

dimethyl

formami

de 

4 h 85℃ NiFe-LDH [202] 
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I.4 Application of MOF-derived LDH in the 

remediation of aquatic environments 

During the transformation process, some properties of MOFs are naturally 

introduced into LDHs. As an example, the stability of the derived LDHs largely exceeds 

that of the MOF precursors due to the better tolerance of the inorganic hydroxides to 

oxidizing environments. In addition, the electron and ion transport efficiencies will be 

effectively improved due to the presence of a large number of coordinated unsaturated 

bimetals on the layers as well as the presence of free anions between the layers. 

Structurally, the surface-expanded layered LDHs have a larger specific surface area, 

which is favorable for the contact between the catalyst and the reaction medium. In 

addition, the structure of pristine MOFs provides more uniform and dispersed catalytic 

sites for LDHs. The three-dimensional MOF as a template avoids the problem of 

collapse of conventional pristine LDHs due to the interaction between different layers. 

The advantages of both are tightly combined. Therefore, as a transformation and 

combination between functional materials, synthetic LDHs have good performance in 

various fields. During the transition from MOFs to LDHs, effects such as ultrasonic or 

ethanol etching increase the roughness of the material, which means that larger surface 

areas and irregular pore sizes are created. At the same time, the structural and chemical 

stability of the formed LDHs in solution largely exceeds that of the MOFs, as the 

material in its inorganic state is more heat- and chemical-resistant. Therefore, this 

transformation can be an effective means to expand the application of MOFs in the field 

of environmental remediation. 

 

I.4.1 Modification of adsorption properties 

Adsorbents function by selectively separating contaminant molecules from solutes 

based on their mutual affinity. They are primarily classified into two categories: 

physical adsorption, which depends on van der Waals forces and electrostatic attraction, 

and chemical adsorption, which relies on chemical bonding. MOF-derived LDH 

demonstrates the potential to enhance both types of adsorption when compared to MOF 

precursors. Firstly, the resulting pore size is larger in LDHs derived from MOFs, 

providing contaminants with more exposure opportunities. This is due to the unique 
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structure of LDHs, where some metal cations within the constituent layers can serve as 

active sites, promoting chemisorption effects. Additionally, the property of interlayer 

anion exchange plays a significant role in the adsorption of anionic pollutants. As 

reported by Summaira et al [203], the negatively charged methyl orange (MO) and 

alizarin red S (ARS) ions were readily trapped by ZIF-67@LDH. The pore size of ZIF-

67@LDH increased from 1.542 to 13.24 nm and the volume from 0.028 cm3·g–1 to 

0.492 cm3·g–1, which is more convenient for mass transfer conditions compared to the 

micropore ZIF-67. ZIF-67@LDH has more convenient mass transfer conditions than 

microporous ZIF-67. As shown in Fig. I-23, the surface area and porosity changed 

significantly. In addition, the ZIF-67@LDH surface with positively charged sheets 

tends to trap anions MO and ARS through electrostatic and hydrogen bonding 

interactions. In addition, the surface of ZIF-67@LDH with positively charged sheets 

tends to adsorb anions MO and ARS through electrostatic interaction and hydrogen 

bonding. Normally, the adsorption capacity of cations decreases due to electrostatic 

repulsion, but some LDHs derived from MOFs are also able to adsorb cations very well 

due to their porous structure and -OH functional groups. Another pollutant of concern 

is heavy metals [204]. In general, the adsorption mechanisms of LDHs include 

isomorphic substitution, electrostatic interaction, complexation, and surface 

precipitation, which seems to apply to MOF-derived LDHs as well. The CoAl-

LDH@Fe2O3/3DPCNF designed by Kim's group has the highest adsorption efficiency 

in various samples due to its superhydrophilicity and better morphological 

configuration. Furthermore, its superior performance remains unshaken regardless of 

variations in the degree of ionization or the phase of existence of Cr (VI) and Pb (II) at 

different pH values, as well as fluctuations in the Coulombic force acting on the 

adsorbent surface. 

 

MOF-derived LDHs are competitive in the adsorption of organic pollutants and 

heavy metal ions due to the advantages of the homogeneous porous system of MOF and 

the affinity of LDHs for the reaction substrates. However, for the coexistence of MOF 

and LDH, the synergistic adsorption mechanism still needs to be further explored. 
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Fig. I-23 N2 adsorption-desorption isotherms (a) ZIF-67, (b) ZIF-67@LDH. 

 

I.4.2 Advanced oxidation processes 

Recently, ZIF-67 was converted to Al-Co LDH by the etching template method by 

Cao et al [194]. They demonstrated a synergistic interaction between the low content 

of Co ions remaining in the etched Co-ZIF and the Al ions, which achieved excellent 

tetracycline (TC) degradation through activation of PMS. It is the low electronegativity 

of Al (1.6 eV) that promotes the release of more electrons from the electron-rich Co 

(11.9 eV) sites, resulting in the production of SO4
2–. The degradation mechanism is 

illustrated in Fig. I-24 a. Due to the increase in specific surface area and porosity, the 

accessibility of TC is improved, and the degradation rate constant is almost increased 

from 0.059 min–1 to 0.98 min–1, which is more than 16-fold (as shown in Fig. I-24 b). 

For the direction of advanced oxidative degradation of pollutants, MOF-derived LDHs 

still have a lot of application space. The good resistance of most MOF-derived LDHs 

to different experimental conditions makes MOF-derived LDHs an important candidate 

for practical wastewater treatment. 

 

 

Fig. I-24 (a) Possible reaction mechanism of TC degradation by AlCo-LDH/PMS 

system; (b) Catalysis degradation of TC on different catalysts [194]. 
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I.4.3 Capacitive deionization (CDI) and chemical sensors 

Considerable progress has been made in the study of MOF derivatives in CDI 

[205]. Various types of MOF-derived carbon materials are considered as excellent 

electrodes due to their low mass transfer resistance, high specific capacitance and trap 

stability [206]. For wastewater treatment, plasma contaminants such as heavy metals, 

ionizable dyes and antibiotics, as well as potentially hazardous inorganic ions (F-, 

bromine-, phosphate) have been shown to be removed by CDI [207]. Compared to other 

nanomaterials, MOF-derived LDHs can enjoy the common redox mechanism of 

transition metals to catalyze reactions with the help of their specific structures. To date, 

a number of MOFs have been discovered and applied for chemical sensing, mainly by 

catalyzing chromogenic reactions or fluorescent properties. Yu and coworkers designed 

2D layered MOFs to enable the detection of organic pesticides. By modifying the 

tetrapyridyl cup 4 aryl group, the MOFs exhibited a fluorescent reaction by binding to 

glyphosate, leading to selective and sensitive detection [208]. 
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Synthesis and characterizations 

of MIL-88A and conversion into 

LDH/88A and LDO/88A 
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II.1. Introduction 

Layered double hydroxides (LDHs) have a structure represented as [M1-

x
2+Mx

3+(OH)2]
x+(An−)x/n · mH2O, where M2+ and M3+ denote divalent and trivalent metal 

cations and An− denotes the interlayer anion, often abbreviated for simplicity as M2+M3+ 

LDH, M2+M3+-A LDH or M2+
(1-x)/xM

3+-A LDH [209]. They have been widely employed 

as catalysts, catalyst precursors, or catalyst carriers in AOPs to remove organic 

pollutants in water because of their benefits due to its plentiful and tuneable active sites, 

strong thermal stability, and flexible ability for intercalated anions [210]. For example, 

Wu et al. [211] used the oxygen vacancy of FeCo-LDH to induce non-radical 

degradation of bisphenol A (BPA) in water. NiCo-LDHs prepared by Ramachandran et 

al. [212] through in situ etching of Ni-MOF templates catalyse fuel degradation by 

peroxymonosulfate (PMS) through the generation of high-rate free radicals (SO4
•− and 

HO•). However, the uncontrollability and complexity of conventional methods such as 

anion exchange, co-precipitation, solution mixing, and hydrothermal reactions make it 

difficult to prepare morphologically controllable, heterogeneous LDH catalysts. 

Morphologically controllable LDH materials, such as three-dimensional (3D) hollow 

structures, are ideal for improving performance. Hence, the utilization of 3D LDH is 

increasingly gaining popularity. Via fluoride ions as the functional template agent, a 3D 

flower-like CoAl-LDH was effectively made using a straightforward hydrothermal 

process [213]. The combination of fluoride ion functional tempting agents with specific 

porous 3D flower-like nanostructures yields exceptional gas sensitivity. However, the 

choice of template remains limited by the composition or shape of the template. That 

is, the right template is the key to making 3D hollow structures with complex structures 

[214]. 

 

With high porosity, large specific surface area, customizable structure and 

customizable functionality, MOFs have great potential for many applications including 

sensing [215], gas storage [216], separation [217] and catalysis [218]. MOFs are porous 

hybridized inorganic-organic solids formed by the combination of metal clusters and 

organic ligands [219]. Due to the adjustable metal centers, large specific surface area 

and highly ordered structures, MOFs can be used as a self-sacrificial template and metal 

precursor to prepare a variety of new nanostructured materials [220]. Thus, leveraging 
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the original controllable skeleton, the drawback of MOFs, wherein most metal active 

sites are deeply embedded within the framework, can be ameliorated. This results in 

modified materials boasting complex structures characterized by porous walls and 

numerous cavities, facilitating the exposure of additional surface active sites to enhance 

reaction kinetics [221]. 

 

Among the iron-based MOFs materials, MIL-88A(Fe) represents a MOF 

constructed from hard acid Fe (III) and organic carboxylic acid ligands. The low 

toxicity and low cost of its organic ligand, fumaric acid, combined with its stability in 

water, make MIL-88A (Fe) an excellent template for modification [222]. However, 

conventional hydrothermal methods for synthesizing MIL-88A typically require more 

than 10 hours of heating [223, 224], or stirring the reaction at room temperature for 24 

hours [225, 226]. In contrast, microwave heating, a more powerful alternative 

technology, is characterized by non-contact, reduced reaction times and lower energy 

consumption [227]. 

 

Therefore, the present study investigates in details the synthesis and modification 

of LDH, which strictly follows the concepts of simplicity, convenience, efficiency and 

environmental protection. Namely [228], A standard iron-based Metal-Organic 

Framework (MOF), such as MIL-88A, serves as the precursor in this process. Ni2+ are 

co-precipitated with iron on the MOF's surface under alkaline conditions, resulting in 

the transformation into regularly shaped Layered Double Hydroxides (LDHs). Both 

MOFs and LDHs were synthesized and converted by a highly efficient microwave 

method. We have successfully synthesized MIL-88A by microwave method and 

confirmed its structural and functional advantages over that by hydrothermal method. 

The in-situ growth of LDHs on MIL-88A was also performed under microwave 

conditions, and LDHs with regular structures, assembled in a 3D architecture, were 

successfully obtained. 
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II.2. Synthesis and characterizations of MIL-88A 

II.2.1. Experimental section 

II.2.1.1. Experimental material, instruments and procedure 

All chemicals were of analytical reagent grade. Fe(NO3)3·9H2O is purchased from 

sigma. Fumaric acid (FA) and Ni(NO3)3·6H2O purchased from ACROS. Other 

chemicals used are of analytical reagent grade or the highest purity available. 

Synthesis of MIL-88A by hydrothermal method (HT): 69.6 mg (0.6 mmol) fumaric 

acid was dissolved in 13 mL deionized water under sonication and 262.6 mg (0.65 

mmol) Fe(NO3)3·6H2O was dissolved 2 mL of deionized water by stirring at room 

temperature. The two solutions were mixed to form a clear yellow solution, which was 

transferred into Teflon stainless steel reactor in an oven heated to 110 ℃ for 6 h [229]. 

The product was separated by centrifugation and washed three times with ultrapure 

water and ethanol, respectively, before being dried in an oven at 60 ℃ overnight. 

 

Synthesis of MIL-88A by microwave method (MW): 69.6 mg (0.6 mmol) fumaric 

acid ultrasonic was dissolved in 13mL deionized water and 262.6 mg (0.65 mmol) 

Fe(NO3)3·6H2O was dissolved 2 mL of deionized water by stirring at room temperature. 

The clear yellow solution obtained by mixing the two solutions were submitted to 

microwave heating at different temperatures for different times [113]. The product was 

separated by centrifugation and washed three times with ultrapure water and ethanol, 

respectively, before being dried in an oven at 60 ℃ overnight. 

 

II.2.1.2. Morphological and structural characterization 

The morphology of materials was analysed using a Field Emission SEM (JEOL 

JSM-6700, Japan) and Transmission Electronic Microscopy (TEM) (JEOL JEM-2010, 

Japan). The powder X-ray diffraction (XRD) patterns of MIL-88A were obtained using 

an X-ray diffractometer Philips X’Pert pro diffractometer equipped with a X’celerator 

1D detector (2.122° active length), using CuKα1/ Kα2 source in Bragg Brentano θ-θ 

geometry from 5 to 70° (2θ) with a scan step of 0.016°. Absorption infrared (IR) spectra 
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of MIL-88A were measured by a Fourier-Transform Infrared spectrometer (Horiba FT-

730, Japan) using the KBr pellet technique. Thermogravimetric (TG) curves were 

measured using a thermogravimetric analyser (ISI TGA i1000, USA) at a heating rate 

of 40 ℃ /min from 25 to 1000℃ under air. The specific surface areas were measured 

using N2 adsorption isotherm and an automatic surface analyser (ASAP 2020, 

Micromeritics, USA) by Brunauer- Emmett-Teller (BET) theory. 

 

II.2.2. Results and discussion 

II.2.2.1. Design of MIL-88A 

The synthesis elaboration process and formula for MIL-88A, reported in the 

literature, are shown in Fig. II-1 a [230]. MIL-88A was synthesized by precipitating it 

from a solution containing iron nitrate and fumaric acid in deionized water, heated to 

110 ℃. Synthesized MIL-88A exhibits a three-dimensional (3D) structure consisting 

of an octahedral iron (III) trimer linked to six fumarate dianions. This structure divides 

a one-dimensional pore system and cage filled with solvent molecules along the c-axis 

[231]. Fig. II-1 b shows a single cell of MIL-88s with the chemical formula 

[Fe3OX(OOC-CH2-COO)3(H2O)xX]n (X being a charge compensating anion) [232].  

 

 

Fig.II-1 Schematic illustration of synthesis of MIL-88A [232]. 

 

II.2.2.2. Synthesis method 

In order to investigate the effect of the thermal activation on the synthesis of MIL-
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88A, two methods, hydrothermal and microwave were used to synthesize MIL-88A. 

The synthesis involved heating at 110 °C for 6 h using the hydrothermal method and 

for 30 min using the microwave method, respectively. The X-ray diffraction (XRD) 

patterns of MIL-88A synthesized by microwave and hydrothermal autoclave are shown 

in Fig. II-2. The XRD of MIL-88A synthesized by the two methods show narrow and 

well-defined reflections, indicating a typical feature of a MIL-88A(Fe) structure [233]. 

This highly crystalline structure is identical to that of the previously reported 

solvothermal synthesis [231, 234]. 

 

 

Fig. II-2 XRD patterns of MIL-88A (HT) and MIL-88A (MW). 

 

Compared with MIL-88A (HT), the diffraction peaks (100), (101) and (002) of 

MIL-88A (MW) are shifted to the higher angles. Such differences could be attributed 

to modified cell parameters resulting from a variation in the structure and filling of 

micropores within the MOF [223]. And the difference in the XRD results of MIL-88A 

synthesized by the two methods are likely to be caused by the fact that the microwave-

synthesized MIL-88A has smaller particles [223]. In terms of crystallinity, MIL-88A 

(MW) displays narrower peaks highlighting a higher cristallinity. This can be explained 

that, microwaves act as high-energy source that provide higher and homogeneous 

energy during synthesis. Because when the particles gain enough energy to maintain 

the coordination bond, a simple arrangement of molecules around the metal center will 

form a high crystallinity [235]. In microwave synthesis, the high dielectric absorption 
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of polar solvents leads to conversion into thermal energy, which heats the solution more 

efficiently and accelerates the dissolution of reactants [236]. This rapid localized 

superheating overcomes the energy barrier and causes the local concentration (hot spot) 

to exceed the supersaturation threshold, leading to rapid and uniform nucleation. Thus, 

microwave-assisted hydrothermal synthesis can be considered not only as a rapid 

method for preparing monodisperse nanoparticles, but also as a useful method for 

scaling up the reaction. 

 

FTIR spectra of MIL-88A (Fig. II-3) show fundamental similarities. The as (-

CO2
−) band vibration of the coordinated fumarate anionic ligands were observed at 

1656 cm−1. The s (-CO2
−) due to the symetric vibration of the carboxyl group is visible 

at 1396 cm−1. The short energy gap between the two vibrations  (as (-CO2
−) - s (-

CO2
−)) = 260 cm−1 confirms the coordination of the fumarate anion to the Fe3+ cations. 

In addition, the Fe-O vibrations in the secondary building unit (SBU) or cluster unit of 

Fe-MIL-88A produced an absorption line at a wavelength of 670 cm−1 [237]. The bands 

at 1217 and 984 cm−1 are attributed to the stretching vibration of C-C and the bending 

vibration of C-H in trans-diene, respectively [238]. The Fe-O feature band is shown at 

562 cm−1, which indicates the binding of carboxyl ligands to metallic iron [239]. These 

bands indicate that MOFs have been successfully synthesized [234]. 

 

 

Fig. II-3 FTIR of MIL-88A (HT 110 °C-6 h) and MIL-88A (MW 110 °C-30 min). 
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Fig. II-4 shows electron microscopy images of MIL-88A (HT) and MIL-88A 

(MW) showing the well-defined morphology obtained. These materials exhibit a 

similar smooth rod-like structure with a tapered tip, which is a shape typical of MIL-

88A [240]. However, the length of MIL-88A (HT) is about 3-5 microns and the width 

is about 600 nanometers, while the length and width of MIL-88A (MW) are 4 microns 

and 300 nm, respectively. In comparison, MIL-88A (MW) rods appear to be more 

thinner. Moreover, the surface of MIL-88A (HT) is clearly rough and angular, while 

that of MIL-88A (MW) is smoother. It is worth mentioning that the length of MIL-88A 

(HT) is not uniform, and the length of long MIL-88A (HT) rods can be even twice as 

long as the short ones, causing the rod-like structure to break. This is because, when the 

autoclave is placed in the oven, two different thermal zones are created consecutively: 

the growth zone (low-temperature zone) and the dissolution zone (high-temperature 

zone) [237]. The growth zone, located in the upper part of the vessel, where the material 

is less soluble, is more likely to produce longer rod-like structures, while the dissolution 

zone at the bottom of the vessel, where the material is more soluble, is more likely to 

produce shorter rod-like structures [237]. Since stirring operation was not possible in 

our reactor, the MIL-88A (HT) obtained had an inhomogeneous length. 

 

 

 

Fig. II-4 SEM and TEM images of MIL-88A (HT 110 °C-6 h) (a and b) and of MIL-

88A (MW 110 °C-30 min) (c and d). 
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MIL-88A (MW), on the other hand, has uniform length and no fracture. This could 

be attributed to the microwave activation. Microwaves interact directly with the 

molecules in the reaction mixture, causing a rapid increase in temperature. This process 

does not rely on the thermal conductivity of the vessel materials, resulting in immediate 

localized superheating of any substance that responds to dipole rotation or ionic 

conduction, the primary mechanisms for transferring energy from microwaves to the 

heated substance. Considering that MIL-88A synthesized via both the hydrothermal and 

microwave methods possess the same functional group and crystal type, the microwave 

method demonstrates superior efficacy to form homogeneous well-defined particles. In 

microwave synthesis, the high dielectric absorption of polar solvents leads to thermal 

conversion of energy, which heats the solution more efficiently and accelerates the 

dissolution of reactants [236]. This rapid localized superheating overcomes the energy 

barrier and causes the local concentration (hot spot) to exceed the supersaturation 

threshold, leading to rapid and uniform nucleation. Thus microwave-assisted 

hydrothermal synthesis can be considered not only as a rapid method for preparing 

monodisperse nanoparticles but also as a useful method for scaling up the reaction 

[223]. 

 

II.2.2.3 Effect of MW irradiation time 

In order to investigate the optimum time of irradiation for microwave synthesis of 

MIL-88A, temperature gradient and time gradient synthesis experiments were carried 

out. The time was increased from 1 to 60 min and the resulting solids were 

characterized. From Fig. II-5, the crystalline structure of MIL-88A (MW) begins to 

appear after (5 min of reaction), the intensity of the peaks increases gradually with 

reaction time in the range of 5 to 60 min. In particular, after 10 min of reaction, a clear 

(002) peak begins to appear at 12°. When the reaction time was extended to 60 min, the 

(002) peak began to weaken. Thus, the crystallinity of MIL-88A (MW) prepared for 20, 

30 and 45 min reaction time was higher. 
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Fig. II-5 XRD results of synthetic MIL-88A (MW) at different times of irradiation. 

 

The SEM results (Fig. II-6) also showed that the size of the rod structure of MIL-

88A (MW) with a reaction time of 20 min was not uniform, suggesting that the lack of 

reaction time limits the growth of its microstructure, while the rod structure of MIL-

88A (MW) with a reaction time of 40 min showed fractures. Therefore, 30 min is 

considered as the optimal reaction time. 

 

 

Fig. II-6 SEM of MIL-88A (MW) at different time of irradiation; (a) at 20 min, (b) at 

30 min, (c) at 40 min. 

 

II.2.2.4 Effect of temperature of MW irradiation 

Both temperature and time greatly can affect the growth conditions and final 

particle size of the product. However, the effect of temperature is more important 

compared to reaction time [237]. Therefore, the effect of reaction temperature on the 
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synthesis of MIL-88A (MW) was explored. The experiments were reacted at 100, 110 

and 120 °C for 30 min. The characterization results are shown by Fig. II-7. When the 

reaction temperature is 100 ℃, no crystal structure is produced. At 110 ℃, the structure 

of a typical MIL-88A (MW) is formed. However, when the temperature rises to 120 ℃, 

the crystal structure is completely different from MIL-88A (MW) leading to the 

crystallization of Fe2O3. This is possible due to the temperature increase during the 

reaction and the subsequent production of metal oxides [241]. 

 

 

Fig. II-7 XRD result of MIL-88A synthesis using MW at different reaction 

temperature. 

 

The results of FTIR spectra (Fig. II-8) show the as and s carboxylate 

characteristic bands of fumarate anion located at 1396 and 1603 cm-1 which are very 

sharp when the temperature are 100 and 110 °C, while the intensity of characteristic 

bands of C-C and C-O strongly decrease at 120 °C, which suggests that the structure of 

MIL-88A (MW) is disrupted by the high temperature. The absence of 3 intense 

stretching band of NO3
– anion (1380 cm–1) should indicate that the OH– is the charge 

compensating anion. The Fe-O located at 565 cm–1 is not significantly displaced for the 

samples obtained at 100 °C and 110 °C, while an intense band at 470 cm–1 typical of 

the ionic bonding between Fe and O, Fe-O-Fe [242] is present for the sample prepared 

at 120 °C consistent with the Fe2O3 formation. Therefore, MIL-88A (MW) synthesized 
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at 110 ℃ for 30 min in a microwave reactor was chosen as the sacrificial template for 

the subsequent synthesis of LDH. 

 

 

Fig. II-8 FTIR spectra of MIL-88A synthesised using MW at different reaction 

temperature. 

II.2.2.5. Thermal behavior and porosity of MIL-88A (MW) 

Thermogravimetric (TGA) provides a basis for further study of the thermal 

stability of MIL-88A. Fig.II-9 depicts the thermogravimetric stability of MIL-88A 

(MW) prepared under optimal conditions (30 min, 110 °C) and tested over a 

temperature range of 30-1000 °C. MIL-88A (MW) pyrolysis occurs in two main stages: 

the first stage of weight loss occurs below 150 °C as water molecules evacuate from the 

pores of the MIL-88A (MW) [243]. This process is endothermic and corresponds to the 

small endothermic (negative) peak on the DTA curve. The second stage of weight loss 

occurs between 150-292 °C and is primarily due to volatilization and degradation of 

unreacted organic solvents and organic ligands in the pores of the material and the 

decomposition of MIL-88A (MW), leading a solid residue corresponding to crystallized 

iron oxide Fe2O3 [244]. Based on the first weight loss, the number of water molecules 

per MIL-88A (MW) formulation unit can be calculated: 

Fe3O(OH)(C4H2O4)3∙xH2O → Fe3O(OH)(C4H2O4)3 + xH2O 

The solid residue is MIL-88A (MW) without moisture, and the experimental weight 
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loss (WLexp) in this process corresponds to the evaporation of water. According to Fig. 

II-9 a, the WLexp is estimated to be 10.9%, and the calculation leads to x = 3.6.  

The decomposition process of MIL-88A (MW) is as follows: 

Fe3O(OH)(C4H2O4)3 + 9O2 → 1.5Fe2O3 + 12CO2 + 3.5H2O 

The theoretical value of WLth was calculated to be 56.0% through the decomposition 

process. The actual value of WLexp was calculated to be 55.6% based on the estimation 

of the TGA curve. The actual values of experimental weight loss obtained by 

thermogravimetric analysis agree with the formula of a MIL-88A(MW) 

Fe3O(OH)(C4H2O4)3.3.6H2O.  

The loss of carbon and oxygen was calculated by the next two weight losses and the 

following results were obtained: 

Fe3O(OH)(C4H2O4)3 ∙ 3.6 H2O → Fe3O(OH)(C4H2O4)3 + 3.6 H2O↑            

Fe3O(OH)(C4H2O4)3 + 9 O2 → 1.5 Fe2O3 + 12 CO2↑ + 3.5 H2O↑ 

Therefore, the chemical formula of the MIL-88A (MW) is Fe3O(OH)(C4H2O4)3 

3.6H2O. 

The thermal stability of MIL-88A was followed from 30 to 1000 °C using in situ X-ray 

diffraction and the results are shown in Fig. II-9c. The characteristic peaks of MIL-88A 

(MW) were present up to 250 °C disappearing as the temperature increased, and finally 

transforming into Fe2O3 from 400 °C. The XRD of the MIL-88A (MW) is modified 

during the dehydration step with a shift of the peaks located at low angles attributed to 

a change of the MOF pore structure which has not been investigated in this work. These 

results are consistent with the TGA (Fig. II-9 b) which highlighted the degradation of 

organic ligands in MIL-88A (MW) between 250-300 °C, leading to the generation of 

metal oxides. 

 

 

Fig. II-9 TGA/DTA of MIL-88A (MW) obtained at 110 °C for 30 min with DTG 

graph as insert (a) and (b) XRD pattern of MIL-88A (MW) residue after TGA, (c) In 

situ XRD results of MIL-88A (MW). 
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The porosity of the MIL-88A (MW) samples was investigated by nitrogen 

adsorption-desorption isotherm (Fig. II-10). The sample was degassed for 12 h at 150 

°C under vacuum. The shape is of type II according to the International Union of Pure 

and Applied Chemistry (IUPAC) classification. This shape is typical of almost non 

porous materials. The specific surface area was calculated to be 18 m2/g based on the 

BET model with a pore diameter of about 3.1 nm. The measured porosity is notably 

lower than the expected value expected for microporous MIL-88A(MW). However, 

Wang et al. reported similar N2 isotherm and specific surface area value for MIL-88A. 

This behaviour could be attributed to a collapse of the cage structure under dehydration 

blocking the pore accessibility. 

 

 

Fig. II-10 BET N2 adsorption isotherm of MIL-88A (MW). 

 

II.2.3. Conclusion 

In this section, MIL-88A was successfully synthesized by both hydrothermal 

treatment and microwave activation. The MIL-88A (MW) synthesized using the 

microwave method exhibited the same characterization results as that synthesized using 

the hydrothermal method. Compared to the hydrothermal method, the microwave 

method consumes less energy, has a much shorter reaction time, and results in MIL-

88A with a more uniform microstructure. 
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Optimal conditions for the MOF synthesis via the microwave method were also 

investigated showing that the optimized conditions are 110 °C for a 30 min reaction. 

MIL-88A (MW) generated under this condition exhibited a more homogeneous rod-

like microstructure and increased stability. The structural formula of this MIL-88A was 

calculated as Fe3O(OH)(C4H2O4)3 ∙ 3.6 H2O.  

 

II.3. Conversion of MIL-88A to LDH/88A 

II.3.1. Experimental section 

II.3.1.1. Experimental material, instruments and procedure 

II.3.1.1.1 Materials` 

All chemicals were of analytical reagent grade. Ni(NO3)2·6H2O, NaOH and urea 

were purchased from sigma. Other chemicals applied are of analytical reagent grade or 

the highest purity available. 

II.3.1.1.2 The conversion from MIL-88A (MW) to NixFeLDH/88A 

A mixture of MIL-88A, Ni(NO3)2·6H2O, and urea was stirred at room temperature, 

then sealed and heated using a microwave at various temperatures for different 

durations. The precipitate was subsequently washed three times with deionized water 

and ethanol, respectively [168]. 

 

Synthesis NixFeLDH/88A by two-step method: 50 mg of MIL-88A was dispersed 

in 4 mL of ethanol (solution A). 25 mg (0.08 mmol) 50 mg (0.17 mmol), 100 mg (0.34 

mmol), 150 mg (0.52 mmol), 200 mg (0.69 mmol), 250 mg (0.86 mmol) of Ni(NO3)2  

6H2O and 100 mg (1.67 mmol) of urea were dissolved in 6 mL of deionized water 

(solution B) respectively. Solution A and solution B (solution C) were mixed with 

stirring at room temperature. Finally, solution C was sealed in a glass vial and reacted 

in a microwave heater at 110 °C for 1 h. The solution was washed with deionized water 

until there was no significant change in pH, then washed three times with ethanol and 

dried in a vacuum oven at 60 °C overnight. Finally Ni0.5FeLDH/88A, Ni1FeLDH/88A, 

Ni2FeLDH/88A, Ni3FeLDH/88A, Ni4FeLDH/88A and Ni5FeLDH/88A are obtained 

respectively [168].  
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II.3.1.1.3 Synthesis LDH/88A  

Synthesis LDH/88A by single-pot method: 69.6 mg of fumaric acid and 288 mg of 

urea were dissolved in 15 mL of deionized water by stirring at room temperature. 

Sequentially, 567 mg of Ni(NO3)2  6 H2O (1.95 mmol), 73.15 mg of Al(NO3)3  6 H2O 

(Here, aluminium is present as a catalyst) (0.195 mmol) and 182.82 mg of Fe(NO3)3  9 

H2O (0.455 mmol) were added (the total molar value of nickel and iron is 0.65 mmol), 

and the mixed solution was transferred to a 20 mL Teflon-lined stainless steel autoclave, 

and the reaction was carried out at 110 °C for 6 h. After cooling, the solid was separated 

by centrifugation and evaporated with distilled water. After cooling, the solid was 

separated by centrifugation, washed with distilled water until there was no obvious 

change in pH, and then washed with ethanol for three times, and then dried in a vacuum 

oven at 60 ℃ overnight. 

 

II.3.1.1.4 Synthesis Ni3FeLDH/COP 

Synthesis Ni3FeLDH/COP by coprecipitation method: 0.1 M ferric nitrate and 0.3 

M nickel nitrate are dissolved in 100 mL of water (solution A). Separately 1 M sodium 

hydroxide and 0.05 M sodium hydroxide are dissolved in 50 ml of water (solution B). 

Solution A and solution B are slowly mixed under a nitrogen atmosphere with 

continuous stirring using a magnetic stirrer and maintaining a pH of 10.0. Stirring is 

continued overnight after full addition of the salt solution. The resulting mixture is then 

centrifuged and washed with ultrapure water until the pH remains unchanged and 

transferred to an oven at 40 °C for one day. 

 

II.3.1.2. Morphological and structural characterization 

The morphology of materials was analysed using a Field Emission SEM (JEOL 

JSM-6700, Japan) and Transmission Electronic Microscopy (TEM) (JEOL JEM-2010, 

Japan). Powder X-ray diffraction patterns were recorded with a Philips X’Pert 

automated X-ray diffractometer using CuKα radiation (λ = 0.154051 nm), over the 2-

70◦ (2θ). FTIR spectra were recorded with a Nicolet 5,700 spectrometer from Thermo 

Electron Corporation using the KBr pellet technique. Thermogravimetric (TG) curve 

was measured using a thermogravimetric analyzer (ISI TGA i1000, USA) at a heating 

rate of 40 ℃/min from 25 to 1000 ℃ in nitrogen. The specific surface areas were 
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measured using N2 adsorption isotherm and an automatic surface analyzer (TriStar II 

3020, Micromeritics, USA) by Brunauer-Emmett-Teller (BET) theory. 

 

II.3.2. Investigation of the protocol for NiFe-LDH/88A formation 

II.3.2.1. Synthesis methods 

In this study, the conversion of MIL-88A into NiFe-LDH/88A (ratio of Ni to Fe 

was 3) was investigated using procedures previously reported in the literature, aiming 

to produce 3D hollow LDH nanostructures. Given [168] that the one-pot method has 

been reported to yield hollow LDH nanostructures for other compositions, we also 

tested its applicability to NiFe-LDH/88A [245]. The XRD results of the LDH 

synthesized by both the single-pot and two-step methods (Fig. II-11) show similar 

characteristics with the presence of the reflections expected for a typical hydrotalcite 

structure. The two intense reflection lines at 11.2° and 22.6°correspond to the 

harmonics (003) and (006), while the other belongs to the 0 kl, and hkl reflections at 

34.7°, 38.5°, 46.1° and 60.7° corresponding to the (012), (015), (018) and (110)/(113), 

respectively. 

 

 

Fig. II-11 XRD results of NixFe-LDH/88A (x = 3) derived from MIL-88A through 

different ways. 
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In the same way, the FTIR spectra show similar results for NiFe LDH/88A 

synthesized by both methods (Fig. II-12). The broad absorption band centered at 3430 

cm-1 corresponds to the O-H stretching vibrations of the ligand hydroxide ions or 

entrapped/adsorbed water molecules, and the bands at 1568 and 1383 cm–1 are 

attributed to symmetric and asymmetric vibrations of the carboxyl groups attributed to 

fumarate coming from MOF. The shift of theses vibration under MIL88A conversion 

(1656 cm–1 and 1393 cm–1) towards values observed for carboxylates intercalated in 

LDH reveals a change in the bonding of the fumarate anions. The presence of these two 

intense bands, in absence of the carbonate or nitrate band observed usually at 1370 cm–

1 supports the intercalation of fumarate in a lying position as observed for oxalate [246]. 

For both, Fe-O vibration is present at 661 and 671 cm–1, for single pot and two step 

method. Note that the IR spectra of NiFe-LDH/88A synthesized by two-step method 

displays a Fe-O deformation band at 519 cm–1, which is attributed to MIL-88A as a 

backbone. 

 

 

Fig. II-12 FTIR spectra of NixFe-LDH/88A (x = 3) derived from MIL-88A through 

different ways. 

 

Fig. II-13 show the TEM images of the single-pot method and the NiFe-LDH/88A 

derived from MIL-88A, respectively. The one-step generation displayed the rod-like 

structure of MIL-88A conjointly with an additional granular material on the surface. 

The rod structure as a skeleton is not well maintained. This may be due to the presence 
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of two successive reactions in the single-crucible method: 

 1) formation of MIL-88A and itsconversion of NiFe-LDH/88A and 

 2) the direct coprecipitation of NiFe-LDH/88A phase. 

During the reaction process, when the temperature reaches 110 °C, the two reactions 

are carried out at the same time, thus leading to the formation of two different 

morphologies. The reaction was carried out in a reactor with a long reaction time (6 h) 

and no stirring operation, which favours both the formation of MOF precipitate and its 

conversion into LDH, while simultaneously causing the precipitation of LDH on the 

side. 

 

Fig. II-13 (c) and (d) show that the Ni3Fe-LDH/88A synthesized by the two-step 

method maintains the rod-like structure of MIL-88A template intact. The petal-like 

structure of the surface is uniformly distributed on the surface of the rod structure. 

However, the shaded part in the middle suggests that the MOF conversion may not be 

fully completed at the surface, and a phase still remains in the inner part of the hollow 

structure. Obviously, the ultra-thin and uniform Ni3Fe-LDH/88A arrays were produced 

on the surface of MIL-88A. These features suggest that MIL-88A plays a key role in 

providing iron, which is required for the growth of ordered NiFe-LDH/88A 

nanoplatelets.  

 

 

Fig. II-13 TEM images of NiFe LDH/88A synthesized by (a) (b) the one-pot method 

(HT 110 °C - 6 h), (c) (d) the two step method (MW 110 °C - 1 h). 

 

MIL-88A participates in the reaction with its stable rod-like structure. In the 

microwave reactor, the glass tube can be heated uniformly and the reaction time is short, 

leading to a complete conversion process. In summary, the two-step method proves to 

be superior in converting pre-synthesized stable MIL-88A into NiFe-LDH/88A using 

microwaves. Not only was the reaction time significantly reduced, but the stability of 
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the NiFe-LDH/88A rod skeleton was also increased. 

 

II.3.2.2. Influence of temperature and time of reaction in the two-step 

method 

The NiFe-LDH/88A was prepared using the two-step method by varying the 

reaction temperature and reaction time, while other conditions (ion concentration, urea 

addition, etc.) were kept constant throughout the process. 

 

The XRD patterns of NiFe-LDH/88A derived from MIL-88A (MW) under 

different microwave heating temperature and time conditions are shown in Fig. II-14. 

Except for the temperature of 90 °C at short time (30 °C and 60 °C), systematically the 

typical LDH reflections are present.  

 

 

Fig. II-14 XRD patterns of NiFe-LDH/88A synthesized using two step method (a) at 

90 °C, (b) at 100 °C, (c) at 110 °C, (d) at 120 °C with increasing time from 30 min to 

60 min 

 

The maintain of the MIL-88A structure is mainly followed by the maintain or not 

of the sharp reflection at 13.2° in 2θ. Clearly, the results indicate that: 

- A low temperature (90 °C) leads only to a partial amorphization of the MOF, 

and does not allow an efficient NiFe LDH/88A coprecipitation. Low 
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temperature of 90 °C does not promote a full conversion of the MIL-88A and 

NiFe-LDH/88A crystallization especially at 30 min and 60 min. 

- The intermediate temperatures (100 °C and 110 °C) and intermediate time 

(60 °C) are the most suitable to favor the formation of NiFe-LDH/88A as unique 

crystalline phase into the materials. When the temperature is 100 °C, there are 

obvious characteristic peaks of NiFe-LDH/88A, but the (101) plane belonging 

to MIL-88A can still be detected at 12.4 °. 

- The use of a higher temperature of 120 °C obviously favors the stabilization of 

the MIL-88A, which is clearly shown after 60 min of reaction by the presence 

of its intense diffraction line. 

 

In order to explore the optimal synthesis time of LDH, further exploration was 

carried out at 110 °C, and the results are shown in Fig. II-15. At time lower than 60 min 

MIL-88A is not fully converted while from 75 min, there are additional sharp peaks 

which gradually increase with time. Therefore, increasing the reaction temperature and 

time can promote the synthesis of LDH, but when the temperature and reaction time are 

too high, a side crystalline phase appears. Finally, it is noteworthy that optimized 

conditions are 110 °C and 60 min, leading to pure NiFe crystallized LDH without the 

characteristic peaks of MIL-88A. 

 

 

Fig. II-15 XRD results of LDH synthesized at different reaction temperatures 

of 110℃. 
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The ability of MOF to be converted into NiFe-LDH/88A can also be 

demonstrated in the SEM results Fig. II-16. By comparing, the morphology of the 

materials obtained after 30 min at different temperature, it is evident that a too low 

temperature leads to the maintain of MIL-88A pencil-like morphology conjointly 

with few ill-defined aggregates. When the reaction temperature was raised to 110 

°C, the lamellar structure of LDH fully and uniformly covers the surface of the rod 

structure. After heating at 120 °C for 30 min, the rod-like structure of MIL-88A 

breaks up leading to large piece of particles on which can be seen many 

agglomerates. 

 

 

Fig. II-16 SEM images of NiFe-LDH/88A synthesised in two-step method in 

different conditions. (a) 90 °C for 30 min, (b) 110 °C for 30 min, (c) 120 °C for 30 

min. 

 

To further understand the effect of reaction time on the local geometry around Fe 

and Ni atoms, the Fourier transform (FT) and real components of extended X-ray 

absorption fine structure (EXAFS) spectra at the Fe K-edge and Ni K-edge were 

measured. MIL-88A and NiFe-LDH/COP were also analysed for comparison purpose, 

where NiFe-LDH/COP was synthesized by co-precipitation of LDH with a nickel-iron 

ratio of three. The two peaks observed in the FT spectra between 1-2 Å and 2-3.2 Å 

correspond to the first metal-oxide shell and second metal-metal shell, respectively, for 

the two edges. Fig. II-17 a presents FT and real-component spectra measured at the Fe 

K-edge. The first shell region between 1-2 Å and the second one between 2-3.2 Å show 

only a marginal variation in the FT peak position and real-component position. The 

results show that the length of Fe-O bond and Fe environment are not affected by the 

conversion time, the local Fe environment being stabilized after only 30 min. It is 

noteworthy that the environment of Fe in MIL-88A converted in NiFe-LDH/88A, and 

co-precipitated NiFe-LDH/COP is almost indistinguishable evidencing that the Fe 

atoms display the same local order in all the materials. From the Ni results (Fig. II-17 
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b), a net evolution is observed. As the reaction time increased: 

- The peak between 1-2 Å for MIL-88A converted in LDH is almost unmodified 

but its intensity is lower than that observed for NiFe-LDH coprecipitated.  

- -The peaks at 2-3.2 Å increased progressively which could traduce the insertion 

of Ni into the Fe oxy hydroxide formed leading to LDH structure. 

- The peak between 5-6 Å went from absent to present, evidencing a long-

distance order as usually observed for LDH [247].  

 

 

Fig. II-17 X-ray absorption fine structure of (a) Fe-Kedge; (b) Ni-Kedge; (1) MIL-

88A, (2) NiFe LDH/88A 110 ℃ 30 min, (3) NiFe-LDH/88A 110 ℃ 60 min, (4) NiFe 

LDH/88A 110 ℃ 120 min (5) NiFe-LDH/COP. 

  

II.3.2.3. Molar ratio of Ni/Fe 

In order to determine the influence of molar ratio of Ni/Fe initially involved in the 

synthesis, NiFe-LDH/88A were synthesized using different molar ratios of Ni/Fe while 

keeping other conditions constant. The XRD patterns of the obtained samples with 

different Ni/Fe molar ratios are shown in Fig. II-18. Regardless of the Ni/Fe ratios used, 

XRD diagrams show that the crystalline structure of MIL-88A is no longer present and 

is replaced by diffraction peaks of the NiFe-LDH/88A structure even for very low 

ratios, which is unfavourable for the formation of a pure NiFe-LDH/88A structure, 

evidencing that NiFe-LDH/88A are the only crystalline phase present. Systematically, 

the diffraction peaks of 2θ at 11.6°, 22.6°, 34.2° and 60.2° can be observed which 

belong to the (003), (006), (012) and (110) reflections of NiFe-LDH/88A. According 

to XRD, the obvious NiFe-LDH/88A structure appears even when the nickel-iron ratio 
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is 0.5. Generally speaking, the larger the crystal size, the better the crystal state of the 

sample. However, in the XRD pattern, there is no significant variation in the width or 

intensity of the reflections, suggesting initially that similar LDH crystallinity is 

obtained for all ratios. 

 

 

Fig. II-18 XRD results of NiFe-LDH/88A synthesized at different molar ratio of 

Ni/Fe. 

 

The SEM images of the different materials (Fig. II-19) provide evidence contrary 

to the XRD and show the evolution of the morphology. Consistently, the pencil-like 

morphology of MIL-88A is observed even in the absence of the crystalline structure of 

the MOF. When Ni/Fe ratios are 0.5 and 1, a sheet structure forms on the surface of the 

rod structure, but does not completely cover it. When Ni/Fe increase to 2, in addition to 

the sheet, granular material appears and the surface becomes rough. When the Ni/Fe 

ratio increases to 3, the surface of pencil-like morphology is almost completely covered 

by petal-like material. When the ratio is 3, the distribution of petal-like material is the 

most uniform, with almost no presence granular material. At higher ratio (4 and 5) the 

covering of the surface appears to be denser, which seems to indicate that the increase 

of the Ni/Fe ratio favours the crystal growth of the NiFe LDH/88A platelets at the 

surface of the sacrificial MOF. 

 



81 

 

 

Fig. II-19 SEM results of NiFe-LDH/88A synthesized at different ratio of Ni/Fe. (a) 

0.5, (b) 1, (c) 2, (d) 3, (e) 4, (f) 5. 

 

EDS and ICP elemental analysis were performed on NiFe-LDH/88A with different 

Ni to Fe ratios, and the results obtained are shown in the Table. II-1. For both ICP and 

EDS analysis, the experimental Ni/Fe ratio for LDH/88A increases when nickel content 

increases, but remains always lower than the expected value for a total coprecipitation., 

For a Fe/Ni ratio of 3, the experimental Energy Dispersive X-ray Spectroscopy (EDS) ratio 

surprisingly deviates from the expected trend, showing a value close to the expected ratio. 

However, the Inductively Coupled Plasma (ICP) result aligns more coherently with the 

increasing trend. This EDS experiment should be reproduced.  

 

In presence of an excess of nickel, some of the nickel diffuse into the interior of 

the LDH "shell" to react with the iron, leading in surface (EDS) to a lower value 

compared to ICP. In summary, the optimal conditions for the conversion of MIL-88A 

to NiFe-LDH/88A were as follows: MIL-88A is used as a precursor with a nickel-iron 

ratio of 3, mixed with urea and then heated to 110 °C in a microwave reactor for 60 

min. In all instances, we observed that the obtained Ni/Fe ratios are lower than the 

expected value for a pure Layered Double Hydroxide (LDH) phase, where Ni/Fe should 

be greater than 2/1. 

 

Table. II-1 Actual Fe/Ni ratio of LDH synthesized with different Fe/Ni ratios. 

  Ni0.5Fe Ni1Fe Ni2Fe Ni3Fe Ni4Fe Ni5Fe 

Ni/Fe 
EDS 1.16 1.27 1.28 2.88 1.35 1.55 

ICP 1.10 1.27 1.31 1.45 1.60 2.01 
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II.3.3. Characterization of LDH/88A 

Ni3FeLDH/88A was characterized and compared to, Ni3FeLDH/COP, synthesized 

by conventional co-precipitation method. The XRD results of the two LDHs are shown 

in Fig. II-20. Peaks at 11.0°, 22.5°, 34.1° and 60.1° can be assigned to the (003), (006), 

(012) and (110) surfaces of hydrotalcite-like structures [248, 249]. The basal spacing 

values which corresponds to the d003 = 7.95 Å is very close to the one of the co-

precipitation synthesis of Ni3FeLDH/COP., d003 = 7.67 Å. The XRD results of 

Ni3FeLDH/88A exhibits typical LDH layered structural features with nearly identical 

layer spacing. 

 

Fig. II-20 XRD results of Ni3FeLDH/88A and Ni3FeLDH/COP. 

 

On the FTIR spectra of Ni3FeLDH/88A (Fig. II-21), the broad band in the range 

of 3200-3700 cm−1 corresponds to the O-H telescopic vibration of the metal hydroxide 

layer and interlayer water molecules. The strong broad band at 3429 cm−1 was related 

to the stretching vibrations of the H-bond of the OH group (ν O-H) in the brucite-like 

layers[250, 251]. The stretching vibration (vCO2) symmetric and asymmetric of 

carboxylate in the interlayers appeared at 1567 cm−1 and 1379 cm−1 as reported earlier, 

indicating the presence of fumarate, which is unexpected in the Ni3FeLDH/COP 

sample. 
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Fig. II-21 FTIR results of MIL-88A, Ni3FeLDH/88A and Ni3FeLDH/COP. 

 

Fig. II-22 reveals the morphology of Ni3FeLDH/88A. SEM image (Fig. II-22 a) 

clearly shows that Ni3FeLDH/88A exhibits a uniform 3-dimensional layered 

nanocrystal morphology with an average length for the individual platelets of 

approximately 200 nm. Compared with MIL-88A, the length of the templated materials 

does not change significantly, and the smooth surface became a rough petal-like shell 

composed of nano-platelets growing perpendicularly to the surface of the template. In 

addition, these tiny Ni3FeLDH/88A particles are crystallized, which are determined by 

strong polycrystalline rings in selected region electron diffraction (SAED) patterns 

collected from a single derived primary nanosheets. Interconnected Ni3FeLDH/88A 

nanosheets are loosely stacked to form a highly porous structure. The Energy 

Dispersive Spectroscopy (EDS) image of Ni3FeLDH/88A, showing even distribution 

of Fe, Ni, and O elements, is consistent with successful coating of LDH onto the MIL-

88A template surface. The EDS element mapping image also confirms the different 

distributions of Ni, Fe and O in the nanostructure with Ni, Fe and O evenly distributed 

on interconnected LDH nanosheets. 
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Fig. II-22 Morphology of Ni3FeLDH/88A. (a) SEM; (b) SAED; (c) TEM EDS of 

Ni3FeLDH/88A, distribution of the four elements of C, O, Fe and Ni; (d) Distribution 

of Fe; (e) Distribution of O; (f) Distribution of Ni. 

 

Fig. II-23 a shows the Zeta potential results at increasing pH. MIL-88A and LDH 

exhibit very similar curves with a positive value of ζ at low pH that progressively 

decreases as the pH increases. The isoelectric point of Ni3FeLDH/88A is 10.3, which 

is not much different from the MIL-88A. The zeta potentials of MIL-88A, 

Ni3FeLDH/88A and Ni3FeLDH/COP at a pH of 7 are compared and the results shows 

that of MIL-88A and Ni3FeLDH/88A were much lower. 

 

 

 

Fig. II-23 Zeta potentials (a) vs pH for MIL-88A and Ni3FeLDH/88A (b) of MIL-

88A, Ni3FeLDH/88A and Ni3FeLDH/COP at pH 7. 
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Based on the classification of N2 adsorption-desorption isotherms (Fig. II-24) 

according to IUPAC [252], the Ni3Fe LDH/88A isotherm belongs to the type IV 

isotherm with H3-type hysteresis loop [253], which indicates that the sample has a 

mesoporous structure that is caused by particle aggregation [254]. Ni3FeLDH/COP 

exhibits the same type of isotherm, characteristic of mesoporous solids with relatively 

small surfaces [25]. The main difference observed lies in the hysteresis, which does not 

exhibit the same shape, indicating a difference in pore geometry according to the 

synthetic procedure. Meanwhile, the BET specific surface area of Ni3FeLDH/88A is 

80.3 m2 g–1, which is slightly larger than that of pure MIL-88A (50.3 m2·g–1) and 

Ni3FeLDH/COP (92.8 m2·g–1) under the same conditions. This increase in BET specific 

surface area may be due to the organisation of graded LDH on the surface of MIL-88A 

[238, 255]. The average pore size of Ni3FeLDH/88Ais 3 nm, which is the same as the 

average pore size of Ni3FeLDH/COP. 

 

 

Fig. II-24 BET results of Ni3FeLDH/88A and Ni3FeLDH/COP. 

 

II.3.4. Conclusion 

In conclusion, MIL-88A was successfully synthesized as a precursor to 

Ni3FeLDH/88A. The optimal conditions for the synthesis were defined as a nickel-iron 

ratio of 3 and heating at 110 °C for 60 min in a microwave reactor. The synthesized 
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Ni3FeLDH/88A not only has the typical lamellar structure of LDH, but also can 

maintain the rod-like microstructure of MIL-88A. Iron and nickel are uniformly 

distributed on the surface of the rod-like structure. This Ni3FeLDH/88A has a 

mesoporous structure with an isoelectric point of 10.3. 

 

II.4. Synthesis and characterization of LDO/88A 

II.4.1. Experimental section 

Synthesis of Ni3FeLDO/88A: Ni3FeLDO/88A was obtained by calcination of 

Ni3FeLDH/88A previously prepared, in a muffle furnace at 200, 300, and 400 °C for 2 

h under air. 

 

Synthesis of Ni3FeLDO/COP: Ni3FeLDHpreviouly prepared by coprecipitation 

was calcined in a muffle furnace at 300 °C for 2 h under air to obtain Ni3FeLDO/COP. 

 

II.4.2. Results and discussion 

In order to prepare NiFe based oxides and mixed oxides derived from LDH 

previously described, in a first attempt thermal analysis was performed. 

 

The XRD results of Ni3FeLDO/88A and Ni3FeLDO/COP obtained by calcining at 

different temperatures were also recorded and are shown in Fig. II-25. After calcination 

of Ni3FeLDH/88A at 200 °C which mainly correspond to the dehydrated materials, the 

XRD pattern exhibited mainly a shift of the (003) diffraction line to higher angles and 

the disappearance of the 006 reflection. This behaviour traduces a contraction of the 

interlayer space which could be due to a reorganization of the interlayer species after 

removal of the water molecules. Calcined at 200 ℃, the resulting Ni3FeLDO/88A-200 

still retains the characteristic (012) and (110) peaks of LDH. Due to the collapse of the 

LDH structure, the characteristic peaks of LDH disappeared completely when the 

temperature was increased above 300 ℃, in good agreement with the TGA curves (Fig. 

II-29). The characteristic diffraction peaks at 30.47 and 35.73 degrees are (220) and 
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(311) facets, respectively, which correspond to the spinel phase of NiFe2O4 (JCPDS 

Data Card No. 54-0964) [256]. Obvious peaks located at 37.23°, 43.32°, and 

62.90°could be indexed to the (111), (200), and (220) planes of NiO (JCPDS 47-1049) 

[257]. When the calcination temperature was increased to 400 ℃, three additional peaks 

were attributed to Fe2O3 [258]. As a control, we calcined the co-precipitated LDH at 

300 ℃ to obtain Ni3FeLDO/COP-300, whose XRD results are also consistent with 

those of NiO and NiFe2O4 materials, as expected for LDH decomposition. However, 

the additional crystallization of Fe2O3 is not observed for this latter, indicating that it 

could be due to an excess of Fe species into the starting materials due to an incomplete 

conversion of the template MOF in LDH. 

 

 

Fig. II-25 XRD of Ni3FeLDH/88A, Ni3FeLDO/88A obtained after calcination at 200 

°C, 300 °C and 400 °C and Ni3FeLDO/COP obtained after calcination at 300 °C. 

 

Fig. II-26 shows the FTIR spectra of Ni3FeLDO/88A and Ni3FeLDO/COP. 

samples calcined at different temperatures. The strong and broad adsorption band of 

3350-3500 cm–1 is associated with O-H stretching vibrations generated by hydroxyl 

groups in the interlayer water molecules [259]. For Ni3FeLDH/88A , the bands at 1567 

and 1385 cm–1 arise from the vibration of the carboxyl group (O=C-O), which is 

attributed to the precursor of MIL-88A [260] as previously described. After thermal 

treatment at 200 °C, the OH significantly decreases in agreement with water removal 

and the carboxyl bands shift to lower wavenumber with a significant decrease of their 
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intensity which should be related to the contraction of the interlayer distance observed 

in the XRD pattern. At 300°C and above, the carboxylate bands disappear due to the 

removal of interlayer anions and dihydroxylation of the structure. The band at 1640 

cm−1 is ascribed to the bending vibration of water [261]. The band between 500 and 

680 cm–1 is attributed to metal-oxygen bonding, namely M-O. The band at about 672 

cm-1 is attributed to Fe-O bonding [262]. The peaks at about 519 cm–1 is assigned to 

bonding between Ni and O [263]. The strength of M-O decreases with increasing 

calcination temperature and the spectra are modified in agreement with the oxides and 

mixed oxides formation. Meanwhile, Ni3FeLDO/88A-300 and Ni3FeLDO/COP-300A, 

which are calcined at 300 ℃ are compared, with mainly similar characteristic bands. 

 

 

Fig. II-26 FTIR of Ni3FeLDH/88A, Ni3FeLDO/88A obtained after calcination at 200 

°C, 300 °C and 400 °C and Ni3FeLDO/COP obtained after calcination at 300 °C. 

 

The morphological characteristics of the particles are shown on the SEM images 

in Fig. II-27. When the calcination temperature is below 300 °C, the lamellar structure 

on the surface of the rod structure can still be observed, which indicates that the 

decomposition doesn’t lead to a morphological change. And when the temperature rises 

to 400 °C, a large number of granular structures appears, and this result is consistent 

with the XRD results and further crystallization of the oxide phases. The structure of 

Ni3FeLDO/COP-300 is in the form of large irregular blocks with irregular surface 

distribution of lamellar structure, which is significantly different from that of 
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Ni3FeLDO/88A-300, highlighting that the template synthesis allowed to prepare a 3D 

nanostructure which is maintained upon thermal treatment. 

 

 

Fig. II-27 SEM results of (a) Ni3FeLDH/88A, (b) Ni3FeLDO/88A-200, (c) 

Ni3FeLDO/88A-300, (d) (e) Ni3FeLDO/COP-300. 

 

The energy dispersive X-ray spectrum (EDS) in Fig. II-28 shows that the 

Ni3FeLDO/88A-300 sample consists mainly as expected of O, Ni and Fe. The nickel-

iron ratio after calcination is 1.9, which is slightly higher than the iron to nickel ratio of 

LDH before calcination (1.45 from ICP).  

 

 

Fig. II-28 EDS (of SEM) results of Ni3FeLDO/88A-300. 

 

Fig. II-29 depict the thermograms of Ni3FeLDH/88A and Ni3FeLDH/COP, 

measured in air over a temperature range of 35-1000 ℃. For both compounds, two 

main events are observed: a first between 25 °C and 250 °C (around 13% of weight 

loss) which corresponds to the removal of adsorbed and interlayer water and a second 

centered at 300 °C attributed to the de-hydroxylation and decomposition of the 
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interlayer anions. Surprisingly, for Ni3FeLDH/88A the first event is continuous which 

could be due to the pecular porosity of the phase obtained. The total weight losses for 

both are similar (less than 35%) even if it is slightly higher for Ni3FeLDH/88A which 

could be due to the intercalation of fumarate in between the layer. 

 

 

Fig. II-29 TGA and DTG curves of (a) Ni3FeLDH/88A and (b) Ni3FeLDH/COP. 

 

Fig. II-30 shows the nitrogen isotherm measured for Ni3FeLDH/88A and 

Ni3FeLDO/88A samples calcined at different temperatures. The isotherms of both 

Ni3FeLDH/88A and Ni3FeLDO/88A are of type IV with H3 hysteresis loops, which is 

characteristic of mesoporous materials [264]. Further observations revealed that the 

hysteresis loop characteristics of Ni3FeLDO/88A began to differ as the calcination 

temperature increased. This characteristic suggests a modification of the pore structure 

upon calcination.  

 

For Ni3FeLDH/88A and Ni3FeLDO/88A submitted to calcination temperatures of 

200 and 300 °C, hysteresis loops at relative pressures ranging from 0.45 to 1 indicate 

the presence of mesoporous structures in lamellar rods and slit-like pores due to 

aggregation of nanosheets. At a calcination temperature of 400 °C, the hysteresis loop 

of Ni3FeLDO/88A-400 occurs at a relative pressure range of 0.8-1, which indicates the 

presence of large mesopores and macropores. Consistent with this, the specific surface 

area of Ni3FeLDO/88A increases with increasing calcination temperature. This can be 

attributed to the loss of interlayer water during heat treatment and the formation of 

porous ill-crystallized derived oxide phases. 
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Fig. II-30 BET of Ni3FeLDH/88A and Ni3FeLDO/88A obtained by calcination at 

different temperature. 

 

XPS is used to obtain chemical and elemental binding information (Fig. II-31). For 

the Fe 2p spectra of Ni3FeLDO/88A-300, the peaks at 710.47 (Fe 2p3/2) and 723.58 eV 

(Fe 2p1/2) are considered to be the peaks of Fe3+, as evidenced by the satellite peaks of 

Fe3+ at 719.59 and 733.14 eV [265, 266]. The high-resolution spectra of Ni 2p in 

Ni3FeLDO/88A-300 show that the peaks centered at 855.49 and 872.94 eV can be 

attributed to Ni2+ while the peaks located at 861.59 and 879.33 eV [267], respectively, 

are its satellite peaks. The O 1s spectrum of Ni3FeLDO/88A-300 can be decomposed 

into two peaks at 529.89 and 531.44 eV, where the peak at 531.44 eV is generated by 

surface hydroxyl oxygen [268]. The peak at 529.89 eV corresponds to metal-oxygen 

bonds in metal oxides, i.e., iron-oxygen and nickel-oxygen bonds [269]. The XPS 

analysis results agree with the EDS and XRD analyses. This proves the presence of 

mixed oxides in Ni3FeLDO/88A-300 samples. 
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Fig. II-31 XPS of Ni3FeLDO/88A-300. 

 

II.4.3. Conclusion 

Calcination of Ni3FeLDH/88A at different temperatures ranging from 200 °C to 

400 °C yielded to Ni3FeLDO/88A, and interestingly calcination did not affect its rod-

like microstructure. The calcined products were identified as nickel-iron mixed oxides. 

This is consistent with the calcined product Ni3FeLDO/COP obtained from co-

precipitated Ni3FeLDH/COP. AS usually observed upon LDH calcination, the surface 

area increases with increasing calcination temperature. Specifically, the specific surface 

area of Ni3FeLDH/88A was 80.3 m2·g–1, and the specific surface area of the 

Ni3FeLDO/88A was 111 m2·g–1 (at 200 ℃), 182 m2·g–1 (at 300 ℃) and 195 m2·g–1 (at 

400 ℃) as the calcination temperature increased. 

 

II.5. Conclusion 

The iron-based MOF MIL-88A was successfully synthesized by hydrothermal 

treatment and microwave thermal activation. This latter h greatly saves the reaction 

time compared with the traditional hydrothermal method and yields MIL-88A with a 

more homogeneous peritectic structure. The optimum conditions for the synthesis of 
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MIL-88A were deeply investigated, allowing to define as optimal conditions a synthesis 

at 110 °C for 30 min. The generated MIL-88A displays similar characteristics as 

described in the literature. Its molecular formula was calculated using 

thermogravimetry as Fe3O(OH)(C4H2O4)3 ∙ 3.6 H2O. 

 

The synthesized MIL-88A was used as an efficient precursor and was 

subsequently converted into Ni3FeLDH/88A by microwave method. In this case, the 

optimum synthesis conditions were as follows, nickel-iron ratio of 3 and reaction at 110 

°C for 60 min. Typical lamellar structure of Ni3FeLDH/88A was uniformly distributed 

on the surface of the rod structure to form a hollow nanostructure. It has the typical 

crystalline structure of LDH. 

 

Ni3FeLDH/88A was calcined in air at 200, 300 and 400 °C to obtain 

Ni3FeLDO/88A-200, Ni3FeLDO/88A-300 and Ni3FeLDO/88A-400 respectively. The 

surface area increased with the increase in calcination temperature. And, its regular 

nanostructure remained mainly unchanged. This method based on MOF conversion 

allowed in an esay and fast process to produce both LDH and derived mixed oxides 

displaying a 3D nanostructured morphology. 
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Chapter III 

Extension of MIL-88A(Fe) 

conversion into NiFe-LDH to 

other LDH/MOF systems 
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III.1. Introduction 

Metal-organic frameworks (MOFs) are a class of porous materials with tunable 

pore sizes and large surface areas that have been used as versatile sacrificial templates 

for the preparation of a variety of materials (e.g., metal oxides, metal sulfides, and 

carbons) through altered synthesis schemes [270]. By replacing the organic ligand in 

MOF with -OH, and combining the MOF-M (II) or MOF-M (III) with a second metal 

cations, respectively M (III) and M (II), the resulting 3-Dimensional hollow layered 

double hydroxide may form keeping the original template structure of the MOF, 

enhancing its surface area and porosity and adsorption or catalytic properties compared 

to analogous LDH prepared by direct coprecipitation [271]. There have been many 

articles on the successful conversion of MOF into LDH [179] [192] and its application 

in adsorption [203], supercapacitor [272], advanced oxidation [194], as presented and 

discussed in chapter I. In Chapter II, NiFe-LDH/88A was successfully synthesized 

using a typical iron-based MOF, MIL-88A(Fe), as a precursor, which has the typical 

structure and characterization results of LDH with the regular structure and higher 

chemical activity of MIL-88A. 

 

However, there are still some challenges and problems in constructing new MOF-

derived LDH, including which MOFs can realize the conversion to LDH, how to 

precisely control the growth of LDH on MOF substrates, and how to improve the 

synergistic interaction between bimetallic active sites to further enhance their 

catalytic/energy storage/adsorption properties. And the key to solve these problems lies 

in figuring out the conditions and mechanism of LDH conversion by MOF. Therefore, 

the aim of this chapter is to investigate the conditions for the conversion various MOF 

into LDH and to make a preliminary investigation of the mechanism. 

 

The MOF conversion reaction involves two primary types of reactive substances: 

the metal ions, which serve as the backbone for MOFs and also act as etching agents 

during the conversion process, and the organic ligands, which ensure the stability of 

MOFs and can also contribute to stabilizing LDH during its intercalation. The main 

focus of this chapter is therefore to explore the role as etching metals (divalent and 

trivalent metals) and MOF backbone metals (trivalent metals) as well as organic 

ligands. In addition, adjustment of other synthesis parameters, including metal 
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concentration, time, temperature is also explored [180]. 

 

III.2 Effects of metal ions 

III.2.1 Behavior of metal ions as etching agents 

To examine the influence of etching divalent metals on the conversion of MOF 

into LDH, MIL-88A, successfully synthesized in Chapter II, and stable in water, was 

selected as the precursor. In this study, magnesium and cobalt were employed instead 

of nickel for the conversion process. The effects of temperature, time, and other 

pertinent parameters on the conversion process were investigated. 

 

III.2.1.1 Conversion of MIL-88A to MgFe-LDH 

III.2.2.1.1 Synthesis temperature 

Convert MIL-88A to MgFe-LDH: Similar to the conversion to NiFe-LDH/88A, 

nickel was replaced with magnesium under the same conditions, specifically: 50 mg 

MIL-88A was dispersed in 4 mL of ethanol (solution A), 0.6 mmol (132 mg) of 

Mg(NO3)2·6 H2O and 100 mg of urea were (1.67 mmol) dissolved in 6 mL of deionized 

water (solution B). Then, solution A and solution B were mixed via stirring at room 

temperature (solution C). At last, the solution C was heated at different temperatures 

for different times by microwave without stirring [164]. 

 

The composition and crystal types of MgFe-LDH synthesized at different 

temperatures were studied using X-ray diffraction. Unlike NiFe LDH/88A with typical 

LDH diffraction peaks, the conversion reaction involving magnesium did not produce 

MgFe-LDH. The characteristic peaks of iron oxide, -Fe2O3 [273], appeared for 

temperatures ≥ 90 °C (Fig. III-1 a). The FTIR spectra are shown in Fig. III-1 b. Beside 

the infrared feature of the MIL-88A(Fe) that remains up to 100°C (presence of 

as(CO2
−) at1600 cm−1, and as(CO2

−) at 1395 cm−1 of Fe-Fumarate) and the Fe-O 

stretching band pointed at 576 cm–1 is growing under temperature increase. From XRD 

and FTIR results it can be concluding that MgFe-LDH was not successfully 
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synthesized. 

 

 

Fig. III-1 (a) XRD patterns and (b) FTIR spectra of MgFe-LDH converted from MIL-

88A at different temperatures for 30 min by microwave irradiation. 

 

III.2.2.1.2 Time of MW irradiation 

The synthesis of MgFe- LDH was further explored for 30 min and 60 min reaction 

times at 90, 100, 110 and 120 ℃ (Fig. III-2). Although the reaction time was changed, 

the XRD patterns of the resulting materials were still not MgFe-LDH but iron oxide 

[274]. This is another proof of the failure of the conversion of MIL-88A to MgFe-LDH.  

 

 

Fig. III-2 XRD patterns of MgFe-LDH derived from MIL-88A at different 

temperatures and different reaction times. 
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III.2.2.1.3 Addition of urea 

The negative results previously obtained were probably caused by the fact that 

magnesium hydroxide precipitate in more basic conditions than iron hydroxide which 

reacts faster in urea solution and precipitate readily, so the conversion of MIL-88A to 

MgFe-LDH was explored by changing the urea concentration in order to increase the 

pH of the reaction (Table. III-1). Other conditions being equal, the amount of urea was 

varied and the pH values of the liquids were recorded before and after the reaction, 

which was carried out in a microwave reactor at 110 ℃ for 30 min. 

 

Table. III-1 Urea amount and pH before and after conversion of MIL-88A to MgFe-LDH. 

 Urea (mg) pHin pHfin 

MgFe-LDH 50 4.43 4.04 

MgFe-LDH 75 4.70 4.40 

MgFe-LDH 100 4.36 5.87 

MgFe-LDH 125 4.63 8.03 

NiFe-LDH/88A 100 4.41 5.86 

pHin: initial pH, pHfin: final pH after reaction pH 

 

Before heating, there was no major difference in the pH of the liquids. After 

heating, the pH difference is considerable, which is mainly due to the fact that heating 

makes the hydrolysis process of urea accelerated. Carbonate is released thus increasing 

the pH [275]. In contrast to NiFe-LDH, the pH before and after the reaction was almost 

unchanged when the dosage of urea was 100 mg in both cases, indicating that the failure 

of MgFe-LDH should have little to do with pH. 

The conclusions are further corroborated by XRD results (Fig. III-3). These 

findings reveal that varying the amount of urea still results in the formation of iron 

oxide, indicating that the quantity of urea added has minimal impact on the synthesis 

of MgFe-LDH. Even with 125 mg of urea, resulting in a final pH of 8.0 conducive to 

the precipitation of magnesium hydroxide, the irreversible formation of Fe2O3 hampers 

the conversion into MgFe-LDH. Obviously, Ni2+ ions participate in the earlier stage of 
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the mechanism of conversion to prevent the formation of Fe2O3, what Mg2+ does not 

work. 

 

Fig. III-3 XRD results of MgFe-LDH converted from MIL-88A at different urea 

amounts, at 110 ℃ for 30 min. 

 

III.2.2.1.4 Ratio of Ni and Mg 

Further, since Ni2+ can successfully synthesize NiFe-LDH/88A, Mg2+ and Ni2+ 

were combined to jointly participate in the etching process with a view to doping 

magnesium in the etching of nickel. Therefore, etchants with different nickel-to-

magnesium ratios were designed to convert MIL-88A into Ni1-xMgxFe-LDH/88A 

materials, adjusting the molar ratio of nickel and magnesium while maintaining the total 

molar amount of nickel and magnesium at twice that of iron. All other conditions 

remained constant, and the reaction was conducted in a microwave oven at 110 ℃ for 

30 min. 

 

When the magnesium content is high (Ni/Mg < 4/6), iron oxide emerges as the 

primary crystallized phase in the XRD pattern (Fig. III-4a) [274]. In these chemical 

compositions, the predominant presence of Mg2+ inhibits the conversion of MIL-88A 

(Fe) into NiFe-LDH. Conversely, when the proportion of nickel reaches or exceeds 

50%, the characteristic peak of NiFe-LDH becomes apparent [276]. This observation is 

further supported by the FTIR (Fig. III-4 b) results, where the characteristic peaks of 
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fumaric acid at 750-1200 cm–1 [277] diminish with increasing nickel content. This 

indicates that magnesium not only fails to participate in the conversion of MIL-88A to 

MgFe-LDH/88A but also impedes the etching process of nickel. 

 

 

Fig. III-4. (a) XRD patterns and (b) FTIR spectra of LDH derived from MIL-88A 

with different Ni-Mg ratios as etching agents. 

 

SEM analysis of the solids after conversion (Fig. III-5) show that the typical 

lamellar structure of LDH does not appear when the nickel content is insufficient. With 

the increase of nickel content, the more uniformly the petal-like structure is distributed 

on the surface of the rod structure. However, the EDS results indicated that no 

magnesium was detected regardless of the increase or decrease in the nickel-magnesium 

ratio, which means that magnesium was not involved in the etching process. While 

magnesium plays an interfering role in the etching process of nickel. 

 

 

Fig. III-5 SEM images and EDS results of LDH converted from MIL-88A with 

different Ni-Mg ratios as etching agents. 
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During the nickel ion etching process of MIL-88A, the protons generated by nickel 

hydrolysis react with the organic ligands on the MIL-88A surface, leading to the gradual 

release of iron ions. Concurrently, Ni(OH)2 gradually forms LDH on the MIL-88A 

surface. However, when magnesium, possessing a smaller atomic radius, lower charge 

density, and weaker hydration capacity, replaces nickel, the hydrolysis rate decreases. 

Consequently, iron ions are released as protons from magnesium hydrolysis etch the 

organic ligands of MIL-88A. As iron exhibits a higher affinity for hydroxide compared 

to magnesium, primarily generated through the slow hydrolysis of urea, iron 

preferentially binds to hydroxide, ultimately resulting in the formation of iron oxide. 

Therefore, the etched metal ions in alkaline solutions must possess properties 

ensuring that the hydrolysis rate is not excessively slow and facilitate easier binding 

with hydroxide ions to produce metal hydroxides compared to the MOF backbone metal 

ions. 

Factors influencing hydrolysis rate include larger ionic radii, higher charge 

densities, greater hydration capacity, and higher valence states. Characteristics 

indicating a higher hydroxide affinity include higher charge densities, larger atomic 

radii, and higher valence states compared to the MOF backbone metal. 

 

III.2.1.2 Conversion of MIL-88A to CoFe-LDH 

To confirm the hypothesis that etching metals significantly influence hydroxide 

affinity and hydrolysis compared to skeletal iron ions during the MOF to LDH 

conversion, cobalt, which exhibits intermediate hydrolysis properties between nickel 

and magnesium, was selected for synthesizing CoFe-LDH/MOF. Building upon the 

unsuccessful synthesis of MgFe-LDH, nickel and cobalt were chosen at various molar 

ratios to participate as etching metals in the conversion of MIL-88A to CoNiFe-LDH. 

 

Convert MIL-88A to CoNiFeLDH: 50 mg MIL-88A was dispersed in 4 mL of 

ethanol (solution A). different ratio of Co(NO3)2· 6 H2O) and Ni (NO3)2· 6 H2O) and 

100 mg (1.67 mmol) of urea were dissolved in 6 mL of deionized water (solution B). 

The total molar amount of cobalt and nickel to the molar ratio of iron is 3. Solution A 
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and solution B were mixed via stirring at room temperature (solution C). At last, the 

solution C was heated at 100℃ for 60 min by microwave without stirring [164]. 

 

Similar to the results observed for magnesium, characteristic LDH peaks were 

discernible at low cobalt content (Ni:Co = 9/1), while noise peaks emerged in the XRD 

results with increasing cobalt dosing (Fig. III-6 a). The diffraction peaks at 11.2°, 22.6°, 

and 34.5° correspond to the crystal planes of CoNiFe-LDH material, specifically (003), 

(006), and (015), respectively (PDF Card No. 40-0216) [278]. 

 

The FTIR spectra are shown in Fig. III-6 b. The broad absorption band at 3450 

cm–1 is the stretching vibration of -OH, the absorption bands at 1383 and 1602 cm–1 are 

the vibration of carboxyl group, and the small bands at low frequency below 1000 cm–

1, which are part of the vibration and stretching of metal and and oxygen lattices in the 

hydrotalcite-like lattice, proved the successful preparation of CoNiFe-LDH/88A [279]. 

 

 

Fig. III-6 (a). XRD patterns and (b) FTIR spectra of MIL-88A converted to CoNiFe-

LDH at different Ni/Co ratios. 

 

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 

(EDS) tests were conducted on CoNiFe-LDH with a nickel to cobalt ratio of 9:1 (Fig. 

III-7). SEM images revealed a rod-like structure, distinct from the smooth surface of 

MIL-88A, indicating coverage by a different structure (Fig. III-7 a). Further 

confirmation through TEM illustrated the transformation of MIL-88A into a 

homogeneous semi-transparent structure, confirming the successful conversion into 

CoNiFe-LDH. EDS analysis indicated cobalt's involvement in the conversion reaction, 
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with a Ni:Co ratio of 13:1, relatively close to the initial ratio. This suggests that unlike 

magnesium, which does not participate in the MOF to LDH conversion, cobalt can 

engage in the transformation to CoNiFe-LDH, albeit in collaboration with nickel and 

within a specific dosage range. Nickel and cobalt undergo hydrolysis in an alkaline 

solution, gradually etching MIL-88A and releasing iron, nickel, and cobalt into 

solution, ultimately forming CoNiFe-LDH. 

 

 

Fig. III-7 (a) SEM and (b) TEM images of CoNiFe-LDH at a cobalt-nickel ratio of 

1:9. 

 

III.2.1.3 Conversion of MIL-88A to NiAlFe-LDH 

Aluminum, being a trivalent amphoteric metal, is prone to hydrolysis reactions in 

water, and aluminum ions readily combine with hydroxides to form hydroxides in 

alkaline solutions at low concentrations. Therefore, aluminum was selected to 

investigate whether trivalent metals can participate in the conversion of MOF to LDH 

as etching metals. 

 

Convert MIL-88A to NiAlFe-LDH: 50 mg MIL-88A (Fe) dispersed in 4 mL EtOH 

(solution A), and 100 mg (1.67 mmol) of urea and different ratio of Ni/Al of nitrate 

salts dissolved in 6 ml H2O (solution B), the ratio of total amount of Ni/Al and Fe is 3. 

Solution A and B are mixed and heated 110 ℃ for 60 min.    

 

The XRD patterns of NiAlFe-LDH were recorded (Fig. III-8 a). Characteristic 

diffraction peaks of (003), (006), (012), (015), (018) and (110) planes can be found, 
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which match the hexagonal phase of the standard NiAl-LDH (JCPDS No. 15-0087) 

[280], suggesting that the LDH crystalline phase can be successfully formed in the 

reaction. 

 

The infrared results are shown in the Fig. III-8 b, with broad and strong bands, 

ranging from 3350-3450 cm–1 spectra matching the stretching vibrational modes of the 

hydroxyl groups in the ortho-octahedral sheets of the LDH layer [281]. The presence 

of symmetric and asymmetric stretching modes of the carboxyl group at 1350 and 1570 

cm–1 confirms the structural significance of the fumarate ligand in the formation of the 

LDH phase [282]. The vibrational bands observed in the low-frequency region of 500-

1000 cm-1 are attributed to metal-hydroxyl (M-O) or metal-oxygen-metal (M-O-M) 

vibrations [283].  

 

 

Fig. III-8 (a) XRD patterns and (b) FTIR spectraof LDH converted by MOF under 

different ratios of Ni and Al as etching metals. 

 

The SEM analysis (Fig. III-9) revealed two distinct structures on the surface of 

MIL-88A, a larger petal-like structure and a smaller lamellar structure. EDS analysis of 

the petal-like structure indicated an elemental composition of Fe: Ni: Al of 3.25: 1.1: 1. 

This suggests that aluminum can indeed participate in the conversion of MIL-88A to 

LDH, albeit resulting in a microstructure different from that formed with nickel alone. 

 

Aluminum hydrolyzes more rapidly than nickel in water, releasing a substantial 

number of protons during the process. These protons subsequently etch MIL-88A, 

leading to the release of iron ions. Concurrently, the presence of a significant quantity 
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of nickel ions in solution, which have a higher propensity for producing hydroxides 

compared to aluminum, may preferentially lead to the formation of NiFe-LDH. 

Consequently, there exists a possibility that aluminum may contribute to the formation 

of another type of LDH, such as NiAlFe-LDH. 

 

 

Fig. III-9 (a) (b) SEM and (c) (d) EDS images of LDH converted by MOF when the 

ratios of Ni and Al is 8:2. 

 

III.2.1.4 Conclusion 

The conditions for etching metals during the conversion of MOF to LDH were 

explored, choosing typical divalent metals, magnesium, cobalt with nickel already 

successfully involved in the conversion as well as the trivalent metal aluminum. The 

results showed that the rate of hydrolysis of metal ions is an important factor affecting 

the formation of LDH ; slower hydrolysis and the formation of oxides from the released 

iron and a large amount of hydroxide in the solution lead to the failure of LDH 

conversion. The affinity for hydroxide is another important factor in LDH formation 

compared to iron ions. With a lower affinity for hydroxide, hydroxide preferentially 

forms LDH with the released iron and nickel, while ions with a lower affinity are 

"discarded" in the process. 
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III.2.2 Behavior of metal ions as MOF skeletons 

Metal ions serve a dual role: not only do they participate in the etching process 

and contribute to the formation of LDH [284], but they also serve as essential backbones 

for MOF materials, exhibiting morphologies other than the micro-rods displayed by 

MIL-88A (Fe) [285]. Hence, it is crucial to investigate the backbone metal for the 

conversion of MOF to LDH. Al3+ cations were selected to react with fumaric acid to 

synthesize an aluminum-based LDH, Al-FA [286], in acidic condition or Al-Fum in 

basic condition. Subsequently, these Al-FA and Al-Fum compounds were reacted with 

nickel ions under alkaline conditions to explore the possibility of their conversion into 

LDH. 

 

III.2.2.1 Synthesis and characterization of Al-FA  

Synthesis of Al-FA: 3.71g Al2(SO4)3·18 H2O was added to 15.9 mL of water and 

heated to 60 ℃ for 5 min by microwave (solution A). 0.95 g NaOH and 1.29 g fumaric 

acid are dissolved in 19.1 mL water (solution B). Solution A is added into solution B 

and the mixture is heated in microwave at 60 ℃ for 10 min by stirring [287]. The 

product is collected by centrifuge and washed with water for 3 times.  

 

The effect of two different heating times on the crystalline shape was examined, 

controlling the dissolution time of aluminum sulfate to 5, 20, and 40 min, and the MW 

irradiation time of the mixture to 10, 20, 40, and 60 min, respectively. The obtained 

powder X-ray diffraction (PXRD) patterns are shown in Fig. III-10. The diffraction 

patterns are generally similar to those of aluminum fumarate (Al-FA) and the reaction 

time has little effect on the crystalline shape [288]. This agrees well with the 

experimental XRD results of the literature [286], confirming the successful synthesis 

of these nanoparticles. The MOF structure was examined using FTIR analysis (Fig. III-

11), revealing characteristic peaks associated with specific vibrational modes. Peaks at 

500 cm–1 and in the range of 700-1200 cm–1 correspond to vibrations of Al-O and O-

Al-O within the lattice. Additionally, peaks observed at 1425 cm–1 and 1607 cm–1 

represent the symmetric (νs) and asymmetric (νas) vibrational modes of the carboxylate 

group coordinated with aluminum, while the peak at 3440 cm–1 corresponds to the 
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stretching vibration of -OH groups [287]. 

 

 

Fig. III-10 XRD pattenrs of Al-FA synthesized at different dissolution and reaction 

times. 

 

 

Fig. III-11 FTIR spectra of Al-FA synthesized at 110 °C for different reaction times. 
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By comparing the XRD and IR results, a reaction time of 20 min for dissolving 

aluminum sulfate followed by a 40-min reaction period was determined to be the 

optimal conditions. 

Scanningelectron microscopy images (Fig. III-12 a) show that unlike MIL-88A 

and MIL-101, the aluminum-based MOF does not have a regular microstructure. Its 

structure is a stacking and agglomeration of rice-grain type elongated structures, so the 

surface of its agglomerated block microstructure is not smooth [289]. The rice-grain 

structure is small, with a length of about 70 nm, mean value. TEM results (Fig. III-12 

b，c) show that the rice-grain structure is uniform in size and shape, and the large blocky 

structure is formed by its agglomeration. 

 

 

Fig. III-12 SEM (a) and TEM (b,c) results of Al-FA. 

 

III.2.2.2 Convert Al-FA to NiAlLDH/FA 

The conversion of Al-Fu to NiAlLDH/FA was investigated. The conversion was 

first explored as follows: 50 mg Al-FA was dispersed in 4mL of H2O (solution A). 0.06 

mmol (150 mg) Ni (NO3)2·6 H2O and 100 mg of urea were dissolved in 6 mL of ethanol 

(solution B). Then, solution A and solution B were mixed via stirring at room 

temperature (solution C). At last, the solution C was heated at different 60 ℃, 80 ℃, 

110 ℃, 130 ℃ and 150 ℃ for 30 min by microwave without stirring. 

 

The EDS results (Fig. III-13) show that Ni successfully diffuses into the MOF 

structure and the nickel-aluminum ratio is 2.5, which is consistent with the molar ratio 

of divalent and trivalent metals in LDH. 
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Fig. III-13 EDS of NiAlLDH/FA. 

 

The XRD analysis (Fig. III-14) revealed that when the reaction temperature was 

below 110 ℃, Al-FA retained its MOF structure, indicating its superior stability 

compared to MIL-88A and MIL-101 in alkaline solutions. However, at 110 ℃, 

characteristic diffraction lines of LDH, such as (003), (006), (012), and (110), began to 

emerge [290]. As the temperature increased, the diffraction peaks became sharper and 

more symmetric, particularly at 180 ℃. This enhancement suggests an improvement in 

the crystallinity and purity of LDH [280]. 

 

 

Fig. III-14 XRD patterns of NiAlLDH/FA converted from Al-FA at different 

temperatures. 

 

XRD results were compared for reaction times of 30 and 60 min at temperatures 

of 150 ℃ and 180 ℃ (Fig. III-15), respectively. Interestingly, higher crystallinity was 

observed at 150 ℃ for 60 min, while at 180 ℃, an increase in temperature resulted in 
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a weakening of the (003) surface. Consequently, the optimal synthesis conditions were 

determined to be 150 ℃ for 60 min, considering that the maximum temperature of the 

microwave heater does not exceed 200 ℃. The presence of two sets of (003) and (006) 

diffraction lines accounts for the formation of mixed LDH, a NiAl carbonate phase and 

a NiAl fumarate phase. 

 

 

Fig. III-15 XRD results of NiAlLDH/FA converted from Al-FA at different time and 

temperatures. * NiAl-CO3 and  NiAl-Fum. 

 

The SEM images (Fig. III-16 a) of NiAlLDH/FA exhibit agglomerations, but 

unlike Al-FA, they are not composed of rice-like aggregates, but rather sand roses-like 

structures that grow more uniformly on the surface than Al-FA. TEM (Fig. III-16 b) 

shows more clearly the difference between NiAlLDH/FA and Al-FA. 

 

 

Fig. III-16 (a) SEM and (b) (c) TEM images of NiAlLDH/FA. 

 

*
*
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The thermal stability of NiAlLDH/FA was analyzed by thermogravimetry. The 

TGA results (Fig. III-17) were characterized by two main mass loss regions. The mass 

loss between 25 and 219.8 ℃ indicates the loss of interlayer water and water molecules 

adsorbed on the surface. The second region of mass loss occurring between 220-379 ℃ 

is due to dehydroxylation of NiAlLDH/FA and decomposition of interlayer ions, 

namely carbonate and fumarate [291]. The total mass loss is 35.5% by 800 ℃. 

 

 

Fig. III-17. TGA of NiAlLDH/FA. 

 

The textural characteristics of the NiAlLDH/FA samples were investigated 

through N2 adsorption-desorption analysis (Fig. III-18). The isotherm of NiAlLDH/FA 

is of type IV [292], which means, NiAlLDH/FA is a mesoporous structure, and its pore 

size is 14.6 nm as calculated by BJH and the specific surface area is 110.6 m2/g. In the 

case of Al-FA, although it has a regular microstructure, its constituent "units" are so 

small that the NiAlLDH/FA from which it is converted does not exhibit a regular 

microstructure similar to that of LDH/88A. 
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Fig. III-18 BET of NiAlLDH/FA. 

 

III.2.2.3 Conclusion 

Al3+ was combined with fumaric acid to synthesize an aluminum-fumaric MOF, 

Al-FA. Upon hydrolysis of nickel ions, the protons generated rapidly etched a large 

quantity of aluminum ions from Al-FA, while nickel ions facilitated LDH formation on 

the surface. Although successful conversion of MOF to NiAl- LDH was achieved, none 

of the resulting LDH exhibited a regular microstructure. Thus, to synthesize LDH with 

a regular microstructure from MOF, two conditions must be met regarding the MOF 

backbone metal: firstly, it should be capable of forming structures with organic ligands 

to create the MOF structure, and secondly, the microstructure "unit" of the MOF should 

not be excessively small. 

 

III.3 Effects of organic ligand 

In order to investigate the role of organic ligands, terephthalic acid (or benzene 

dicarboxylic acid, H2BDC) was chosen to prepare MOF materials with iron and 

aluminum, respectively, and convert them to LDH. For iron and terephthalic acid 

synthesis is MIL-101 which has been heavily studied. For aluminum and terephthalic 

acid it is the synthesis of Al-BDC. 
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III.3.1 Synthesis of MIL-101 (Fe-BDC) and its conversion to 

LDH/101 

III.3.1.1 Synthesis of MIL-101 

Regarding the synthesis of MIL-101, several reaction conditions were explored, 

namely: method of synthesis, reaction temperature, reaction time etc. 

 

III.3.1.1.1 Comparison of HT and MW synthesis method  

Synthesis of MIL-101 by hydrothermal method: 2.48 mmol FeCl3·6H2O and 1.24 

mmol H2BDC were added into 20 mL DMF and mixture was stirred by magnetic stirrer 

until complete dissolution. The homogenous solution was then heated at 110 °C for 20 

h in a Teflon reactor. The solid was recovered after washing several times with hot 

DMF (70 °C, 15 min). The purified light orange product (MIL-101 (HT)) was dried in 

oven at 60 °C overnight [293].  

 

Synthesis of MIL-101 by Microwave method: 4.96 mmol (1.3406 g) FeCl3·6H2O 

and 2.48 mmol (0.412 g) H2BDC were added in 40mL DMF, then stirred until 

completely dissolution, resulting in a bright yellow transparent solution. The solution 

was submitted to microwave irradiation at 110 °C for 30 min. The solid (MIL-101 

(MW)) was washed twice with DMF and twice with ethanol and place overnight in a 

60 °C oven. 

 

The XRD diagrams (Fig. III-19) show that all the diffraction peaks of MIL-101 

synthesized by microwave and hydrothermal methods have high intensity and sharp 

peaks. It indicates that the materials synthesized by the two methods are highly 

crystalline, and the characteristic diffraction peaks of the samples are consistent with 

the peak positions of the diffractogram reported in the literature for MIL-101(Fe) [294, 

295] without the appearance of stray peaks, which indicates that MIL-101 was 

successfully synthesized by microwave and hydrothermal methods.  
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Fig. III-19 XRD results of MIL-101 synthesized by hydrothermal and microwave 

methods. 

 

The FTIR (Fig. III-20) spectra of both samples exhibit vibration bands at 544, 747, 

1392, 1590, and 1720 cm–1, consistent with reported MIL-101 characteristics [296]. 

The band at 544 cm–1 corresponds to Fe-O vibration, while the band at 747 cm–1 

indicates the bending vibration of C-H in benzene. Bands observed at 1392 and 1590 

cm–1 denote symmetric and asymmetric vibrations of the carboxyl group, and the band 

at 1702 cm–1 is associated with C=O in the free carboxyl. These FTIR bands, 

corroborated by XRD analysis, confirm the successful synthesis of MIL-101 using both 

microwave and hydrothermal methods. 

 

 

Fig. III-20 FTIR spectra of MIL-101 synthesized by hydrothermal and microwave 

methods. 
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The MIL-101 synthesized by both methods consisted of crystals with octahedral 

shape (Fig. III-21), as reported in previous studies [297]. However, MIL-101 (HT) has 

an octahedral edge of 1-2 μm and a concave surface, while MIL-101 (MW) crystals are 

shown to be not flat and has a diameter of less than 1 μm, which may be caused by the 

insufficient reaction temperature. 

 

 

Fig. III-21 SEM images of MIL-101 synthesized by (a) hydrothermal and (b) 

microwave methods. 

 

In view of the fact that both hydrothermal and microwave methods can 

successfully synthesize MIL-101, while the microwave method has a shorter synthesis 

time and lower energy, the microwave method was chosen as the synthesis method of 

MIL-101 precursor. 

 

III.3.1.1.2 Effect of MW-assisted synthesis temperature  

The bright yellow transparent solution (4.96 mmol FeCl3·6H2O, 2.48 mmol 

H2BDC, 20 mL DMF) was irradiated with microwave at temperature at 100, 110, 120, 

130, 140 and 150 ℃ for 30 min. The precipitates were washed twice with DMF and 

twice with ethanol and dried overnight in a 60 °C oven. 

 

The XRD analysis (Fig. III-22 a) of MIL-101(MW) synthesized at different 

temperatures reveals sharp and intense diffraction lines at temperatures exceeding 110 

°C. Furthermore, a better resolution of the peaks is observed at temperatures over 130 

°C. However, the FTIR spectra (Fig. III-22 b) show no significant differences, with 

distinct bands characteristic of Fe-O and terephthalic acid present across all samples. 
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Fig. III-22 (a) XRD pattenrs and (b) FTIR spectra of MIL-101 synthesized by 

microwave method at different temperatures. 

 

The morphologies of the as-prepared samples (Fig. III-23) are consistent with that 

reported in the literature [298]. At 100 °C, the microcrystals display heterogeneous 

shapes. However, at 120 °C, smoother surfaces and more uniform octahedra begin to 

appear. With further temperature increase, the size of the octahedra continues to grow, 

reaching its largest sizes with 5.14 μm in length and 4.14 μm in width at 150 °C. 

However, the structure becomes highly heterogeneous, with some octahedra several or 

even dozens of times larger than others. Therefore, 120 °C was determined to be the 

optimal temperature for microwave synthesis. 

 

 

Fig. III-23 SEM results of MIL-101 synthesized by microwave method at different 

temperatures. 
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III.3.1.1.3 Effect of MW-assisted synthesis duration  

In the second stage, the impact of microwave irradiation time was investigated. A 

yellow solution containing 4.96 mmol FeCl3· 6 H2O, 2.48 mmol H2BDC, and 20 mL 

DMF was irradiated with microwaves at 120 ℃ for varying durations: 10, 20, 30, 40, 

60, 80, and 100 min. 

 

The XRD diagrams (Fig. III-24) demonstrate that the characteristic peaks of MIL-101 

become gradually more pronounced from 10 min to 30 min, indicating the progressive 

stabilization of the crystalline form of MIL-101 with increasing irradiation time. After the 

reaction time exceeds 30 min, the XRD results remain almost unchanged, suggesting that the 

crystalline growth process has reached completion. 

 

 

Fig. III-24 XRD results of MIL-101 synthesized by microwave method at different 

time. 

 

SEM (Fig. III-25) images examination of MIL-101 samples subjected to reactions 

lasting 10 and 60 min corroborated the findings of XRD analysis. After 10 min of 

irradiation, the material displayed small discrete microcrystals taking shape, primarily 

manifesting as emerging octahedra, and predominantly ranged in size between 200 nm 

and 300 nm. Conversely, following a 60 min irradiation period, more regular structures 

were evident, appearing as either octahedra or truncated dodecahedra, albeit exhibiting 

highly heterogeneous sizes. This suggests that beyond the 30-minute mark, the 
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predominant reaction involves the growth of larger crystals from smaller ones. Thus, 

the optimal synthesis duration for MIL-101 is inferred to be 30 min. 

 

 

Fig. III-25 SEM results of MIL-101 synthesized by microwave method at different 

time. 

 

III.3.1.1.4 Tuning the Fe to BDC ligand ratio 

The effect of two Fe: H2BDC molar ratio was investigated, Fe: H2BDC 1: 1 [299] 

and 1: 2 [300] for 30 min of microwave irradiation at 120 ℃. 

 

The XRD results (Fig. III-26 a) showed that both ratios were able to produce the 

MIL-101 structure, however, the characteristic peaks were weaker when the dosage of 

iron was less, indicating a weaker crystalline structure. The IR results (Fig. III-26 b) 

also showed that the intensity of the carboxyl peak belonging to terephthalic acid was 

much weaker when H2BDC was insufficient than when H2BDC was sufficient. 

 

 

Fig. III-26 (a) XRD patterns and (b) FTIR spectra of MIL-101 synthesized by 

microwave method with different Fe:H2BDC ratios. 
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The SEM results (Fig. III-27) bear this out. When there is insufficient iron, the 

microstructure of the sample has a large number of granular agglomerates in addition 

to the octahedra, which may be the remaining H2BDC. whereas, when there is sufficient 

iron, a homogeneous octahedral and dodecahedral microstructure is generated. 

 

 

Fig. III-27 SEM images of MIL-101 synthesized by microwave method with different 

ratios of Fe and H2BDC. 

 

III.3.1.2 Characterization of MIL-101 

Further characterization was performed on MIL-101 (Fe) prepared under 

optimized condition (30 min MW irradiation, 120 °C, Fe: H2BDC = 2: 1). The TEM 

results (Fig. III-28) show that MIL-101 has a typical solid polyhedral structure, based 

on a mosaic of platelets crystals consistent with the SEM results and in agreement with 

previous reports. According to the IUPAC classification, the adsorption-desorption 

isotherm of MIL-101 belongs to the type IV isotherm. The porosity and surface 

properties of the MIL-101(Fe) material were calculated using the Barret-Joyner-

Halenda (BJH) formula [301] and the Braunner-Emmett-Teller (BET) (Fig. III-29) 

formula [302], respectively. The specific surface area and pore size of MIL-101 were 

94 m2/g and 18 cm3/g. 
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Fig. III-28 SEM of MIL-101. Fig. III-29 BET of MIL-101 

 

Result of TGA (Fig. III-30) indicates that MIL-101 remains stable until 348 ℃. 

The first weight loss (8.9%) that occurs between 25 and 348 ℃ is due to the evaporation 

of some solvent molecules and water. The second loss (61%) shown between 348 to 

390 ℃ is due to the disintegration of part of the framework of MIL-101. The molecular 

formula of MIL-101, calculated by thermogravimetry, is Fe2.6OCl(C8H4O4)3· 3.8 H2O, 

The relative stability of the weight between 25 to 350 ℃ may be due to the high thermal 

stability of the carboxylate metal fragments [303]. 

 

 

Fig. III-30 TGA of MIL-101. 
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III.3.1.3 Conversion of MIL-101 into LDH/101 

III.3.1.3.1 Dosage of water 

A similar approach as with MIL-88A was employed to investigate the 

transformation of MIL-101 into LDH/101 using nickel ion etching in a urea solution. 

However, MIL-101 is synthesized in an organic solvent (DMF), where it remains stable. 

When exposed to aqueous conditions, it becomes prone to hydrolysis [304], resulting 

in framework rupture. Conversely, the conversion process relies on urea hydrolysis 

[305], which necessitates water. Thus, the quantity of water added is crucial in the MIL-

101 to LDH conversion. Various alcohol-water ratios were explored to study the 

conversion of MIL-101. 

Based on the XRD and FTIR data (Fig. III-31), it appears evident that a layered 

phase emerges when the water content remains below 5% in ethanol. Notably, the 

MIL101 precursor persists under such conditions. However, with increased water 

content (25%, 50%, 75%, 100%), a distinct phase forms, characterized by terephtalate 

coordination to metal ions (Fe3+, Ni2+). A comparative analysis of the XRD patterns 

between NiFeLDH/88A and the layered phase (Fig. III-31 a) reveals a notable shift to 

lower 2 theta values in the (003), (012), and (110) peaks for the new phases. This 

deviation is inconsistent with the formation of a brucite-like M(II)(OH)2 structure with 

M(III) isomorphic substitution but aligns more closely with the formation of α-Ni(OH)2 

(JCPDS 14-0117), which exhibits a very similar structure to Ni-based LDH.  

 

 

Fig. III-31 XRD and FTIR results of NiFeLDH/101 synthesized at different 

alcohol/water ratio. 
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EM images (Fig. III-32) revealed distinct outcomes based on the water content 

during the conversion process. In the absence of water, a flower-like structure formed, 

deviating from the regular morphology of the precursor. Conversely, when 1% water 

was introduced, the precursor's regular octahedral structure was maintained. However, 

with 5% water, the morphology was disrupted, giving rise to numerous lamellar 

structures. Additionally, particle attachment to these lamellar structures increased with 

higher water content. Notably, no typical LDH structure was observed, indicating a lack 

of LDH production. Consequently, 1% water was selected and further explored to 

improve the conversion reaction.  

 

 

Fig. III-32 SEM images of NiFe-LDH/101 synthesized at different feed alcohol to 

water ratios. 

 

TEM (Fig. III-33) is consistent with SEM. And TEM further illustrates that when 

there is no water involved in the conversion process, the product is a core-shell 

structure, and when there is too much water content, there is a lamellar structure 

appearing, and when it is in a pure water environment, lamellar structures are formed 

arising probably from the crystallization of a metal terephtalate salt that has not been 

identified so far. 
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Fig. III-33 TEM images of NiFe-LDH/101 synthesized at different feed alcohol to 

water ratios. 

 

III.3.1.3.2 Effect of reaction temperature and time for real MIL101 conversion 

The effect of temperature and time on the transformation process was explored in 

order to obtain NiFe-LDH instead of -Ni(OH)2. Temperature and time of irradiation 

chosen were respectively 110, 120, 130, 140, 150 ℃ range 10, 30, 60 min. 

Unfortunately, whatever the conditions explored, the formation of NiFe-LDH was not 

evidenced but rather the growth of Ni(OH)2 on the surface of MIL101 (Fig. III-34-35) 

 

 

 

Fig. III-34 XRD patterns of LDH/101 

converted from MIL-101 at different 

temperatures. 

Fig. III-35 XRD patterns of LDH/101 at 

different reaction times. 

 

SEM images (Fig. III-36) confirmed the XRD results. When the reaction 

temperature was insufficient, the MIL-101 precursor started to convert to LDH and 

could maintain a regular microstructure, but the conversion was but incomplete. When 

the temperature was too high, the structure of the MIL-101 precursor was disrupted and 
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a lamellar structure appeared, but the typical petal-like structure of LDH was still 

present, and on the other hand, its diameter was much smaller compared to the LDH 

synthesized at 130 ℃. Therefore, 130 ℃ was chosen as the optimum conversion 

temperature. 

 

 

Fig. III-37 SEM images of LDH/101 converted from MIL-101 at different 

temperatures. 

 

III.3.1.4 Conclusion 

A metal-organic framework material MIL-101 synthesized from iron and 

terephthalic acid, which is different from MIL-88A of fumaric acid as organic ligand 

was successfully synthesized and its optimal synthesis conditions: 4.96 mmol of iron 

and 2.48 mmol of benzene dicarboxylic acid dispersed in 20 ml of DMF heated at 120 

℃ for 30 min in microwave were explored. This MIL-101 is an octahedral 

microstructure with a microporous structure. 

 

This MIL-101 as precursor was unsuccessfully etched by nickel ions to form NiFe 

LDH. However, in alcohol-water solutions with water% < 5%, the formation of α-

Ni(OH)2 was observed. 

 

III.3.2 Synthesis of Al-BDC and its conversion to NiAl-LDH/BDC 

In the synthesis of metal-organic frameworks (MOFs), the combination of iron and 

fumaric acid yields MIL-88A, an iron-based MOF. To explore alternatives, aluminium, 
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was selected for the successful creation of an aluminium-based MOF, Al-FA, through 

reaction with fumaric acid. Additionally, the compatibility of terephthalic acid (BDC), 

known for its ability to produce MIL-101 with iron, with metals other than iron was 

investigated, with a focus on its potential conversion to layered double hydroxide 

(LDH). Consequently, the collaborative effect of aluminium and terephthalic acid, 

along with the subsequent conversion to LDH, was explored. 

The synthesis of Al-BDC was conducted using aluminium chloride and 

terephthalic acid, following the method outlined by Wang [306]. Specifically, 3.1 mmol 

of AlCl3·6H2O was dissolved in 5 mL of water (solution A), while 3.1 mmol of H2BDC 

was dissolved in 5 mL of DMF (solution B). Solutions A and B were thoroughly 

combined and subjected to microwave heating at 150 °C for 60 min. The resulting white 

solid was collected via centrifugation, washed three times with deionized water and 

ethanol, respectively, and subsequently dried in an oven at 60 °C. 

 

The XRD results of the synthesized metal-organic ligand complex, which is, 

aluminum terephthalate is shown in Fig. III-38. The results are very different from Al-

FA and even from the XRD results that have been for Al-BDC [307].  

 

 

Fig. III-38 XRD patterns of Al-FA and Al-BDC. 
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SEM images (Fig. III-39) of Al-BDC show that its microstructure is aggregated 

regular spheres with a small diameter of less than 200 nm. The surface of the spherical 

structure is not smooth and is covered with granular material. This Al-BDC complex 

was probed by nickel ion etching for conversion to LDH. 

 

 

Fig. III-39 SEM images of Al-BDC. 

 

After the conversion reaction, X-ray diffraction (XRD) (Fig. III-40 a) analysis 

revealed characteristic peaks corresponding to layered double hydroxide (LDH), 

specifically the (003), (006), (012), and (110) crystal planes, confirming the successful 

transformation. This observation was further corroborated by scanning electron 

microscopy (SEM) results, which depicted an abundance of flakes on the surface, 

indicative of the LDH structure. Notably, the originally observed spherical morphology 

of Al-BDC was disrupted during the conversion process. 

 

 

Fig. III-40 (a) XRD patterns and (b) SEM image of NiAlLDH/BDC. 

 

Al-BDC synthesized from H2BDC and aluminum displays small size particles and 
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when it is converted to LDH, the spherical microstructure is not maintained and the 

lamellar structure of LDH appears agglomerated.    

 

III.3.3 Conclusion 

This chapter explores the conditions under which organic ligands are used in the 

conversion of MOF to LDH. Iron-based MOFs and aluminum-based MOFs were 

successfully synthesized with terephthalic acid and iron and aluminum, respectively. 

During the conversion to LDH, the LDH/101 maintains its original ortho-octahedral 

structure due to the large diameter of the MIL-101 microstructure. On the contrary, Al-

BDC, due to its small microstructure, the microstructure is destroyed and not 

maintained during the conversion process. Therefore, the organic ligands and metal ions 

only need to satisfy the conditions: to be able to synthesize stable MOF materials with 

large sizes. 

 

III.4 Conclusion 

This chapter explores the conditions of metal ions and organic ligands in the 

conversion of MOF to LDH, where metal ions are discussed in terms of their use as 

etchant and backbone.  

 

For etching metal ions, they need to meet the following conditions: faster 

hydrolysis, able to release a large number of protons under alkaline conditions; stronger 

binding ability with hydroxide, able to form double hydroxide with nickel ions rapidly 

at the same time. For backbone ions and organic ligands, it is necessary to be able to 

synthesize micro-sized, stable MOF materials. For successful conversion of MOF to 

LDH, the above conditions must be meet simultaneously. 
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Chapter IV 

Synthesis of phosphate 

intercalated LDH/88A and its 

application: adsorption of lead 

ions in water 
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IV.1. Introduction 

Water pollution caused by heavy metals (HMs) from human activities poses a 

serious contemporary challenge due to its profound toxicity to both terrestrial and 

aquatic ecosystems [308, 309]. Lead, as a prime example of a heavy metal, is 

exceptionally toxic, with acceptable upper limits for blood lead levels set at 10 μg/L to 

prevent brain diseases and 3.5 μg/L as the maximum acceptable limit in drinking water. 

Most contaminations originate from industrial processes, batteries, and paint. 

Effectively removing heavy metals has proven to be a daunting task for researchers. 

Various conventional techniques such as ion exchange [310], chemical precipitation 

[311], reverse osmosis [312], membrane filtration [313] and adsorption processes [314] 

are employed to treat wastewater containing heavy metals. However, chemical 

precipitation methods typically necessitate additional flocculation processes for 

assisted precipitation. Pollutants and heavy metals in wastewater form water-soluble 

complexes that do not directly react with chemical precipitation, potentially leading to 

secondary pollution, high energy costs, and other disadvantages [315]. Challenges such 

as the high cost of membrane preparation, susceptibility to clogging, poor strength, and 

potential consumption of membrane cleaning agents have constrained the advancement 

of membrane separation technology [316].  

 

Although adsorption technology is considered one of the most cost-effective, easy-

to-engineer, high-capacity, and high-volume technologies, designing a highly efficient, 

robust, selective, stable, and promising adsorbent for the adsorption process has always 

been a formidable challenge [317]. A plethora of inorganic and organic materials 

including zeolites, mesoporous silica, graphene oxide, multi-walled carbon nanotubes 

[318], activated carbon, metal-organic frameworks (MOFs), biomaterials, covalent 

organic frameworks, organic polymers and resins have been utilized to adsorb metal 

ions. However, such materials are also characterized by easy dispersion, difficulties in 

solid-liquid separation, and potential ecological safety hazards, significantly limiting 

their further development. Additionally, although natural adsorbents (including clays) 

boast cost-effectiveness, large specific surface areas, and excellent hydrophilicity and 

can serve as potent adsorbents, they suffer from weak selectivity and insufficient 

affinity in recognizing heavy metals.  
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Layered double hydroxides (LDHs) have garnered extensive attention from 

researchers due to their large theoretical specific surface area, interaction of surface 

positive metal ions with pollutants, high hydrophilicity, high interlayer negative charge 

density, low cost, and high efficiency [319]. LDHs are synthetic inorganic layered 

materials with the general chemical formula [M(II)1-xM(III)x(OH)2][X
q–

x/q.nH2O], 

composed of positively charged layers containing divalent M (II) and trivalent M (III) 

cations with exchangeable intercalated anions Xq– and water molecules. They are 

straightforward to prepare and cost-effective. While they have been extensively studied 

for their anion scavenging properties, they may also serve with their calcined 

derivatives (Layered Double Oxides, LDOs) as potentially effective cation adsorbents, 

capable of adsorbing heavy metal ions (HMs) through various mechanisms, either via 

surface precipitation or through complexation with molecular or macromolecular 

ligands modified LDHs [319-321]. However, the adsorption efficiency of LDHs for 

HMs may be limited by their poor surface and porosity properties or by their high 

tendency to aggregate due to their high surface charge density [192, 212, 322, 323]. The 

conversion of LDHs from MOFs has been utilized as an effective approach to 

enhancing the three-dimensional architecture of LDH platelets and subsequently their 

adsorption properties [324, 325]. Moreover, functionalization of LDH surface may be 

envisaged to enhance the adsorption selectivity for heavy metals [326]. Therefore, 

functional groups or structural components can be introduced into pristine LDHs via 

intercalation, surface modification, or loading to prepare functionalized LDHs [327]. 

Depending on the anion-exchangeability of LDHs, inorganic anions that can selectively 

react with heavy metals, such as sulphide, polysulfide, carbonate, sulphate, and 

phosphate, can be intercalated to improve the removal efficiency of HM pollutants 

[328].  

 

Hence, the objective of the present study is to functionalize 3D NixFe-LDH 

derived from MIL-88A conversion by HPO4
2– phosphate anions capable of 

precipitating lead phosphate. Additionally, the removal efficiency of this new 

phosphorus-modified LDH material in aqueous solutions for lead ions is investigated. 

The adsorption kinetics and thermodynamics of this novel phosphorus-modified LDH 

material for lead ion adsorption are examined by fitting an existing kinetic model with 

kinetic and thermodynamic data. Furthermore, the adsorption mechanism is explored 

in depth. 
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IV. 2. Materials and methods 

IV. 2.1 Materials and characterization techniques 

All chemicals involved in this study are commercially available and used without 

additional purification. Ferric nitrate nonahydrate (Fe(NO3)3·9H2O), nickel nitrate 

hexahydrate (Ni(NO3)2·6H2O), urea (CO(NH2)2), fumaric acid (HOOC-CH=CH-

COOH), sodium hydroxide (NaOH), nitric acid (HNO3), sodium chloride (NaCl), 

dipotassium hydrogen phosphate (K2HPO4) all from Aladdin Scientific. 

 

Powder X-ray diffraction (PXRD) analysis were performed with a PANalytical 

X’pert PRO diffractometer, equipped with a Cu Kα (λ = 1.5415 Å) radiation source (45 

kV and 40 mA). The samples were scanned for 2θ = 5-70° with a step size of 0.05° and 

a scan rate of 3 s per step. FTIR spectra were acquired with a Varion 7000 FTIR 

spectrometer using the KBr pellet technique. Spectra were recorded in transmittance 

mode from 4000 to 400 cm−1 using 64 scans at a 2 cm−1 resolution. Field-emission 

scanning electron microscopy (SEM, JEOL, JSM-6700F) with an energy dispersive X-

ray spectrometer was used to characterize the morphology. The BET surface area of 

samples was determined by an ASAP 2020 surface analyzer. The surface compositions 

of the products were evaluated by X-ray photoelectron spectra (XPS, Thermo 

ESCALAB 250XI). The point of zero charge (pH-pzc) is measured by Zeta potential 

meter (Zetasizer nano from Malvern). pH was fixed using HNO3 and NaOH 1 M, 0.1 

M, and 0.01 M solutions. The content of lead ions in the solution before and after 

adsorption was analysed by inductively coupled plasma emission spectrometry (ICP-

OES) (model Perkin-Elmer Optima 5300). 

 

IV. 2.2 Synthesis method 

Synthesis of NixFeLDH/COP-NO3 (x=2, 3):50 mL of a mixed solution of 0.1 M 

Fe(NO3)3∙9H2O and 0.2 M Ni(NO3)2∙6H2O, prepared in deionized water, is added 

dropwise to 100 mL of deionized water. Precipitation of Ni2FeLDH is realized at a fixed 

pH of 10.0 by the simultaneous addition of a 0.5 M NaOH aqueous solution, under 

vigorous stirring, room temperature and N2 atmosphere. After 6 h addition, the 
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suspension is aged at room temperature for 12 h. The product is collected by 

centrifugation and washed with water until the pH is unchanged. The Ni2FeLDH/COP-

NO3 is then dried in an oven at 60 °C overnight [229]. Ni3FeLDH/COP-NO3 was 

prepared similarly by changing the nickel nitrate concentration to 0.3 M, the other 

conditions remaining unchanged. 

 

Synthesis of NixFeLDH/88A-NO3 (x=3,5). Then, 50 mg of MIL-88A is dispersed 

in 4 mL of ethanol (solution A). 150 mg of Ni(NO3)3∙6H2O and 100 mg of urea are 

dissolved in 6 mL of deionized water (solution B). Then, solutions A and B are mixed 

and stirred at room temperature (solution C). Finally, solution C is placed in a 

microwave reactor and heated at 110 °C for 1 h. The product is washed three times with 

deionized water and ethanol by centrifugation and then dried at 60 °C overnight to 

obtain Ni3FeLDH/88A-NO3 [168]. The Ni5FeLDH/88A-NO3 can be obtained by 

changing the dosage of Ni(NO3)3∙6H2O to 250 mg, the other conditions remaining 

unchanged. 

 

Synthesis of NixFeLDH/COP-Cl (x=2,3) and NixFeLDH/88A-Cl (x=3,5): 2.0 g of 

LDH (Ni3FeLDH/88A-NO3, Ni5FeLDH/88A-NO3, Ni2FeLDH/COP-NO3 and 

Ni3FeLDH/COP-NO3) are homogeneously dispersed in 100 mL of 0.05 M NaCl 

solution, at a pH adjusted to 7.0, stirred overnight in nitrogen atmosphere, centrifuged 

and separated, then washed with ultrapure water until the pH was unchanged, and dried 

into an oven at 60 °C for 24 h, leading to the as-prepared LDH-Cl.  

 

Synthesis of NixFeLDH/88A-PO4 (x=3,5) and NixFeLDH/COP-PO4 (x=2,3):1.7 g 

LDH-Cl (Ni3FeLDH/88A-Cl, Ni5FeLDH/88A-Cl, Ni2FeLDH/COP-Cl, 

Ni3FeLDH/COP-Cl) are homogeneously dispersed in 100 mL of 0.095 M of potassium 

dihydrogen phosphate (K2HPO4) solution, at a pH adjusted to 7.0, stirred overnight in 

a nitrogen atmosphere. The Ni3FeLDH/88A-PO4, Ni5FeLDH/88A-PO4, 

Ni2FeLDH/COP-PO4, Ni3FeLDH/COP-PO4 materials were recovered after 

centrifugation and separation, washing with deionized water until the pH is unchanged, 

and dried in an oven at 40 °C for 24 h. These phosphates loaded LDH sorbents will be 

abbreviated as LDH-PO4 for simplifying. 
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IV. 3. Morphological and structural characterization 

Different NiFe-LDH phases were prepared by either classic coprecipitation or 

MIL conversion and subsequently intercalated by both Cl– and HPO4
2– using anion 

exchange reaction to evaluate the influence of the LDH nanostructuration and chemical 

composition on Pb2+ adsorption.   

 

The PXRD spectra of the four samples loaded with phosphate anions, exhibit the 

characteristic structural signature of the hexagonal (R-3 m) NiFe LDH phase (JCPDS 

Card 00-51-0462) [329]. The diffraction patterns reveal distinct (003), (006), (012), and 

(110) diffraction lines at approximately 11.3° (2θ), 23.5° (2θ), 34.0° (2θ), and 60.1° 

(2θ), respectively (Fig. IV-1). The mean basal spacings observed of approximately 7.70 

Å highlight that phosphate anions are not located in the interlayer domains but are only 

exchanged at the LDH platelet surface. As reported by Sokol et al. [330], the 

intercalation of phosphate anions in LDH leads to basal spacing expansion between 

10.0 Å and 10.8 Å.  

 

 

Fig. IV-1. XRD of Ni2FeLDH/COP-PO4, Ni3FeLDH/COP-PO4, Ni3FeLDH/88A-

PO4 and Ni5FeLDH/88A-PO4. 

 

Infrared spectroscopy (Fig. IV-2) further confirms the presence of phosphate in 
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the solids. The two symmetric and antisymmetric stretching bands (ν1(PO4) at 1095 cm–

1 and ν3 (PO4) at 1047 cm–1) [331] are clearly observed, as well as the typical vibration 

bands of the [Ni1-xFex(OH)2]
x+ lattice (ν(MO-H) and ν(HO-H) at 3200-3600 cm–1, 

ν(MO6) at 675 cm-1, δ(OMO) at 517 cm–1) [332, 333], and the intercalated H2O and 

CO3
2– species (δ(HOH) at 1630 cm–1, ν3(CO3) at 1375 cm–1) [334, 335]. As indicated 

by the presence of the typical doublet νas(-CO2
–) (1569 cm–1) and νs(-CO2

–) (1375 cm–

1), some fumarate anions have not been fully removed during MIL-88A conversion. 

 

 

Fig. IV-2. FTIR of Ni2FeLDH/COP-PO4, Ni3FeLDH/COP-PO4, 

Ni3FeLDH/88A-PO4 and Ni5FeLDH/88A-PO4. 

 

SEM mapping (see Fig. IV-3) shows a uniform distribution of the four elements 

(Ni, Fe, O, and P) into the particles. As shown in the SEM images (Fig. IV-4 a, b), 

direct synthesis by co-precipitation leads to the formation of highly aggregated 

platelets. Using MIL-88A microcrystals, which exhibit a typical hexagonal rod-like 

morphology with tip ends, as structural templates preserves the original rod-like 

structure (Fig. IV-4 c, d). The subsequent loading with phosphate anions in 

NixFeLDH/88A-Cl (x=3, 5) precursors does not alter the morphology. The rods of 

Ni3FeLDH/88A-PO4 and Ni5FeLDH/88A-PO4 have average sizes of 5 μm in length and 

1.2 μm in width, comprising an intergrowth of hexagonal nanoplatelets smaller than 

100 nm. These observations confirm that during the synthesis process, as MIL-88A 

dissolves, the shell of LDH gradually forms on the outer surface of the template [322].  
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Fig. IV-3 SEM element mapping of Ni3FeLDH/88A-PO4, Ni5FeLDH/88A-PO4, 

Ni2FeLDH/COP-PO4 and Ni3FeLDH/COP-PO4. 

 

 

Fig. IV-4 (a) SEM of Ni2FeLDH/COP-PO4, (b) Ni3FeLDH/COP-PO4, (c) 

Ni3FeLDH/88A-PO4 and (d) Ni5FeLDH/88A-PO4. 
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The chemical composition of the four sorbents determined by ICP-OES (Table. 

IV-1) show that for the coprecipitated phases, the Ni/Fe values (1.89 and 3.31) closely 

match the expected ones (2.0 and 3.0) for a total coprecipitation. The presence of 

phosphorus is clearly detected in all adsorbents with a Fe/P atomic ratio slightly higher 

than require for a charge Xq-/M3+ compensation in pure LDH-phosphate structure 

(Fe3+/PO4
3- = 3). This is consistent with surface adsorption of phosphate rather than 

complete intercalation. Ni3FeLDH/88A-PO4 and Ni5FeLDH/88A-PO4 exhibit Ni/Fe 

below the solid solution limit Ni/Fe = 2.0 of the LDH structure and even below than 

that expected for x= 3 and 5. This excess of iron suggests that Ni3FeLDH/88A-PO4 and 

Ni5FeLDH/88A-PO4 contain iron phase impurities, formed under the uncompleted 

conversion of iron from MIL88A into LDH. This results in lower phosphate loading 

with Fe/P ratio values 5.91 and 6.05, for x = 3 and 5, respectively.  

 

Table. IV-1 Atomic percentages and atomic ratio of elements from ICP-OES 

analysis. 

ICP-OES analysis Ni (At%) Fe (At%) P (At%) Ni/Fe Fe/P 

Ni2FeLDH/COP-PO4 10.01 5.31 1.55 1.89 3.43 

Ni3FeLDH/COP-PO4 16.89 5.1 1.52 3.31 3.36 

Ni3FeLDH/88A-PO4 9.57 8.51 1.44 1.12 5.91 

Ni5FeLDH/88A-PO4 12.81 6.71 1.11 1.91 6.05 

 

N2 adsorption experiments were conducted for the different samples to assess the 

impact of the topotactic conversion of MIL-88A into NixFe LDH on their surface 

properties (Fig. IV-5). Initially, the isotherms of the Ni2FeLDH/COP-PO4 and 

Ni3FeLDH/COP-PO4 adsorbents, along with their chloride precursors, displayed type I 

isotherms, indicating low porous volumes and low specific surface areas (< 32 m2/g) 

(Table. IV-2). These characteristics are typical of non-porous solids [336]. Phosphate 

exchange did not alter the surface properties. In contrast, all samples derived from MIL-

88A conversion exhibited type IV isotherms, accompanied by hysteresis loops 

associated with mesoporous structures. According to the International Union of Pure 

and Applied Chemistry (IUPAC) classification, this hysteresis ring is of the H3 type, 

indicating that the plate-like particles are clustered together to form slit-like pores [25]. 

Once again, phosphate loading preserved the porosity and surface properties.  
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Table. IV-2. Results of the parameters evaluated by the nitrogen adsorption 

assay (BET method) for LDH-PO4 samples. 

LDH samples 
SBET 

(m2/g) 

Vt 

(cm3/g) 
LDH samples 

SBET 

(m2/g) 

Vt 

(cm3/g) 

Ni3FeLDH/88A 80 0.2983    

Ni3FeLDH/88A-PO4 109 0.3385 Ni3FeLDH/88A-Cl 120 0.3190 

Ni5FeLDH/88A-PO4 78 0.2858 Ni5FeLDH/88A-Cl 63 0.1769 

Ni2FeLDH/COP-PO4 25 0.0314 Ni2FeLDH/COP-Cl 32 0.0372 

Ni3FeLDH/COP-PO4 15 0.0195 Ni3FeLDH/COP-Cl 12 0.0190 

SBET: area by BET method; Vt: total pore volume 

 

The BET specific surface areas were 7 to 10 times higher than those of the 

coprecipitated phases (Table. IV-2), with values of 109 m2/g and 15 m2/g for 

Ni3FeLDH/88A-PO4 and Ni3FeLDH/COP-PO4, respectively, and 120 m2/g and 12 m2/g 

for Ni3FeLDH/88A-Cl and Ni3FeLDH/COP-Cl, respectively. Porous volumes were 

further increased by a factor of 17. This demonstrates the superiority of LDH converted 

from MOF material in terms of enhanced surface properties.  

 

 

Fig. IV-5 BET analysis of a) Ni2 or 3FeLDH/COP-PO4, Ni3 or 5 FeLDH/88A-PO4 

and b) Ni2 or 3FeLDH/COP-Cl, Ni3 or 5 FeLDH/88A-Cl. 

 

The surface composition of the adsorbent underwent further investigation through 

X-ray photoelectron spectroscopy (XPS) analysis. The data were processed using a 

simple mathematical deconvolution of the XPS peaks (Fig. IV-6). The measured 

scanning spectra confirmed the presence of Ni, Fe, C, P, and O elements in the 

adsorbent. In the high-resolution XPS spectrum of Fe 2p, two peaks appeared at 711.5 
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and 725.2 eV, attributed to Fe3+ and corresponding to Fe 2p3/2 and Fe 2p1/2 energy 

bonds, respectively. Additionally, satellite peaks were observed at 710.5 and 730.2 eV 

[337, 338]. The Ni 2p spectra depicted distinct single peaks of Ni 2p1/2 and Ni 2p3/2 

positioned at 873.5 and 856.1 eV, respectively, indicating the spin-orbit properties of 

Ni 2p in the four LDH-containing phosphorus adsorbents. The presence of Ni2+ in the 

four phosphorus-containing adsorbents was further verified by the correlation of two 

different peaks near 873.4 and 855.9 eV with the satellite peaks of Ni 2p [339, 340]. 

The high-energy peak located at 133.3 eV and 132.4 eV are close to the peak of the 

phosphor-like acid, which proves the formation of the P-O chemical bond [341], which 

indicates that the phosphate group was successfully loaded onto LDH.  

 

 

Fig. IV-6 XPS of (A) Ni2FeLDH/COP-PO4, (B) Ni3FeLDH/COP-PO4 (C) 

Ni3FeLDH/88A-PO4 and (D) Ni5FeLDH/88A-PO4. 
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IV. 4 Pb2+ adsorption properties of PO4 loaded LDH 

The adsorption processes typically entail intermolecular interactions between 

solute and solid phases. Interaction with surface anions, complexation, chelation, 

precipitation, and isomorphic substitutions are among the most commonly proposed 

mechanisms for the adsorption of metal ions onto the LDH surface [342]. These 

mechanisms are significantly influenced by factors such as pH, temperature, ionic 

strength, and adsorbent dose. Hence, it is crucial to ascertain the nature and mechanism 

of adsorption, as well as the stability of the adsorbent during the adsorption process. 

 

IV. 4.1 Effect of pH 

The effect of pH on the adsorption of heavy metals was carried out in 50 mL 

centrifuge tubes containing 10 mg of LDH-PO4 and 500 ppm of lead ions; the solution 

in the centrifuge tubes is stirred at room temperature in a thermostatic shaker. The pH 

was adjusted to 4, 5, 6, 7, with HNO3 or NaOH 1 M, 0.1 M, and 0.01 M solutions, and 

the Pb2+ concentrations were determined by ICP-OES analysis. The impact of pH on 

the adsorption of Pb2+ (500 ppm, 50 mL) by the LDH-PO4 adsorbents (10 mg) is 

illustrated in Fig. IV-7 a-d. In this investigation, 100% removal corresponds to 2.5 g 

Pb2+ per g of sorbent. The pH of the solution plays a key role in phosphate adsorption 

[343]. The adsorption capacity of the four adsorbents for lead increased with pH within 

the range of pH 4-9, after which a plateau is reached. The co-precipitated adsorbents, 

Ni2FeLDH/COP-PO4 and Ni3FeLDH/COP-PO4, exhibited adsorption capacities of less 

than 80 mg. g–1, with adsorption efficiencies of the co-precipitated LDH adsorbents, 

Ni2FeLDH/COP-PO4 and Ni3FeLDH/COP-PO4, were less than 20%, indicating 

extremely weak adsorption capacities for lead ions. In contrast, LDH adsorbents 

converted from MIL-88A exhibited higher adsorption capacities, particularly 

Ni3FeLDH/88A-PO4, which achieved 100% adsorption efficiency at pH 7 and beyond. 

As a comparison, chloride-containing LDH was evaluated for its ability to adsorb lead 

ions (Fig. IV-7 e-h). It was observed that the chloride-modified LDH demonstrated poor 

adsorption of Pb2+ ions. The adsorption efficiencies of co-precipitated Ni2FeLDH/COP-

Cl and Ni3FeLDH/COP-Cl were less than 20%, while 3D structured Ni3FeLDH/88A-

Cl and Ni5FeLDH/88A-Cl materials showed slightly better efficiencies but still 
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remained below 30%. Thus, the reactivity of PO4 with lead appears to be an efficient 

pathway for Pb2+ removal. 

 

 

Fig. IV-7 Effect of pH on Pb2+ removal (500 ppm) by LDH adsorbents (10 mg) 

in aqueous solution (50 mL). 
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The variations in Pb2+ adsorption capacity of LDH-PO4 and LDH-Cl with pH (Fig. 

IV-7) can be partly attributed to changes in surface charges, as pH conditions are known 

to impact the surface charges of metal oxides and hydroxides. The zeta potentials of 

LDH-PO4 and LDH-Cl were measured across pH values ranging from 3.0 to 12.0 (Fig. 

IV-8), and the pH at the point of zero charge (pH@PZC) is reported in Table. IV-3. 

Except for the Ni2FeLDH/COP-Cl sample, all sorbents exhibited pH@PZC values 

lower than 5.7. This may explain the weakest adsorption capacities observed at pH ≤ 

6.0 (Fig. IV-7). Moreover, the pH@PZC of LDH-PO4 was consistently lower than that 

of LDH-Cl. All the adsorbents remained stable at pH 7.0. It is worth noting that the zeta 

potentials measured at pH 7.0 are much greater for LDH-PO4, favouring better 

adsorption of heavy metal cations. 

 

Fig. IV-8 Zeta potential of (a) LDH-PO4 and (b) LDH-Cl materials. 

 

 

Table. IV-3. pHPZC values of LDH-PO4 and LDH-Cl sorbents. 

LDH-PO4 pHPZC 
pH7 

(mV) 
Adsorbents pHPZC 

 pH7 

(mV) 

Ni2FeLDH/COP-PO4 5.4 -16 Ni2FeLDH/COP-Cl 7.1 +10 

Ni3FeLDH/COP-PO4 4.5 -30 Ni3FeLDH/COP-Cl 5.2 -20 

Ni3FeLDH/88A-PO4 3.9 -20 Ni3FeLDH/88A-Cl 5.7 -7.5 

Ni5FeLDH/88A-PO4 5.6 -7.5 Ni5FeLDH/88A-Cl 5.6 -5 

 

To gain further insight into the behaviour of lead and phosphate species in acidic 

and basic environments, the speciation of lead and phosphate in aqueous solution within 
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a pH range of 1.0-12.0 was simulated using the Medusa program (Fig. IV-9). The results 

indicate that as pH increases, the concentration of the Pb cationic species (Pb2+, 

Pb(H2PO4)
+) decreases to zero up to pH 5.0, resulting in the disappearance of soluble 

Pb species above this value. Subsequently, from pH 5.0 to 12.0, theoretical 

thermodynamic computations predict the sequential formation of lead phosphate and 

lead hydroxide solid phases, Pb(HPO4), Pb3(PO4)2, and Pb(OH)2, without consideration 

of the kinetics of formation. Clearly, the phosphate anions loaded in LDH facilitate the 

adsorption of Pb2+ through the possible precipitation of lead phosphate phases. 

Structural investigations were conducted on the solid residues after absorption and will 

be discussed in the next section. Based on these findings, a pH of 7.0 was selected as 

the conditions for the adsorption experiments, aligning with the commonly encountered 

pH of natural and waste waters. 

 

 

Fig. IV-9 pH-dependence of lead and phosphate speciation in aqueous solution. 

 

IV. 4.2 Kinetic study of Pb2+ adsorption by LDH-PO4 

IV. 4.2.1 Experiment of kinetics 

Exploration of kinetics is carried out at room temperature (25 ± 1°C) in well-sealed 

50 mL centrifuge tubes containing 40 mL of 400 ppm lead ion solution and 10 mg of 
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LDH adsorbent. After addition of the adsorbent, the tubes are shaken in a thermostatic 

shaker at 120 revolutions per minute. The pH of the solution is adjusted at 7.0 ± 0.2 

throughout the experiment by adding NaOH or HNO3 solution. Adsorption experiments 

were stopped at different times (t = 0, 5 min, 10 min, 20 min, 30 min, 60 min, 120 min, 

180 min, 240 min, 300 min, 360 min, 480 min, 600 min). At the end of the reaction, the 

liquid is separated by centrifugation at 10,000 rpm and analysed for adsorption 

efficiency. The residual lead ion concentration in the supernatant is determined by ICP-

OES. Concentration of adsorbed Pb2+ was plotted versus time. 

 

IV. 4.2.2 Models of kinetic experiment  

Adsorption kinetic curves were fitted using the various mathematical models 

available, the pseudo-first-order model [344] (eq. 1), the pseudo-second-order model 

[345] (eq. 2), and the intraparticle diffusion model [346] (eq. 3) expressed as follows: 

 

Pseudo-first-order model Pseudo-second-order model Intraparticle diffusion model 

ln(qe-qt) = lnqe-k1t (eq. 1) 
t

qt

=
1

k2 qe
2
 + 

t

qe

 (eq. 2) qt = ki∙t
0.5+ C (eq. 3) 

 

where qe (mg∙g–1) and qt (mg/g) are the amounts of Pb2+ at equilibrium and at time 

t (h), respectively, and k1 (h
−1) and k2 (g mg−1 h−1) and are the rate constants of the 

pseudo-first-order and pseudo-second-order adsorption models, and ki (mg g−1 h0.5) is 

the rate constant for intra-particle diffusion and C (mg/g) reflects the thickness of the 

boundary layer, respectively. 

 

IV. 4.2.3 Results of kinetic study of Pb2+ adsorption by LDH-PO4  

From the kinetic plots of the LDH-PO4 sample and the Ni3FeLDH/88A reference 

material (Fig. IV-10 a), it is evident that 80% adsorption is achieved within one hour, 

and Pb2+ adsorption reaches equilibrium after 4 h of contact time. This period includes 

diffusion through the solution and solid, surface adsorption, and surface reaction 

processes. Further extension of time does not substantially affect the equilibrium 

phosphate concentration. All adsorbents exhibit a fast adsorption process in the initial 
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minutes, followed by a slow approach to adsorption equilibrium (plateau values). The 

initial rapid adsorption rate may be attributed not only to the presence of more active 

adsorption sites but also to the large concentration gradient of PO4
3– between the lead 

ions and the adsorbent surface [347]. After two hours of reaction, the accumulation of 

Pb2+ on the active adsorbent sites results in a decrease in this gradient and a decline in 

the adsorption rate. 

 

 

Fig. IV-10 Adsorption kinetics of Ni3FeLDH/88A, Ni3FeLDH/88A-PO4, 

Ni5FeLDH/88A-PO4, Ni2FeLDH/COP-PO4 and Ni3FeLDH/COP-PO4. (a) adsorption 

kinetics, (b) PFO fitting, (c) PSO fitting, (d) intraparticle diffusion. 

 

To investigate the adsorption mechanism and potential rate-control steps for lead 

removal, two common kinetic models, the pseudo-first-order (PFO) model [344], 

pseudo-second-order (PSO) model [345], as well as the intraparticle diffusion (IPD) 

model [346] were used to describe the adsorption process of Pb2+ ions on the adsorbents 

(Fig. IV-10 b, c, d). 

 

Based on the comparison of correlation coefficients of the linear fits (Table. IV-

4), it can be concluded that the pseudo-second-order model better describes the kinetic 

data of lead ion adsorption. This suggests that the adsorption process may be a 
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chemisorption process rather than a mass-transfer process in solution, since 

chemisorption assumes that the adsorption capacity of these adsorbents is controlled by 

the number of active sites on their surfaces [348]. 

 

Table. IV-4. Pseudo-first order and pseudo-second order kinetic parameters 

obtained by linear regression of kinetic plots for the LDH adsorbents. 

LDH-PO4 

Pseudo first-order kinetic Pseudo second-order kinetic 

qe (mg/g) k1 (h−1) R2 qe (mg/g) k2 (g mg−1 h−1) R2 

Ni2FeLDH/COP-PO4 88.48 1.139 0.9262 120.8 0.0122 0.9896 

Ni3FeLDH/COP-PO4 76.76 1.663 0.9780 83.40 0.095202 0.9989 

Ni3FeLDH/88A-PO4 387.8 3.449 0.9562 495.0 0.02270 0.9999 

Ni5FeLDH/88A-PO4 148.2 3.503 0.9151 181.8 0.05245 0.9996 

Ni3FeLDH/88A 56.06 0.865 0.9719 63.73 0.03243 0.9973 

 

Fitting the adsorption process using the intraparticle diffusion model did not yield 

reliable results (Table. IV-5). Neither the correlation coefficients nor the values of 

adsorption capacities derived from the model fit to the experimental data were 

satisfactory. These results suggest that chemisorption or chemical bonding between 

lead ions and the active sites of the phosphoric adsorbent may be the main process of 

adsorption [349]. 

 

Table. IV-5. Parameters of intraparticle diffusion model of Ni3FeLDH/88A, 

Ni3FeLDH/88A-PO4, Ni5FeLDH/88A-PO4, Ni2FeLDH/COP-PO4 and 

Ni3FeLDH/COP-PO4. 

LDH-PO4 

Phase 1 Phase 2 

qe (mg/g) k1 (h−1) R2 qe (mg/g) k2 (g mg−1 h−1) R2 

Ni2FeLDH/COP-PO4 −7.227 122.6 0.9797 72.11 3.166 0.7774 

Ni3FeLDH/COP-PO4 −5.376 71.73 0.9981 −4.150 69.22 0.9960 

Ni3FeLDH/88A-PO4 42.13 591.7 0.9645 451.8 12.83 0.8713 

Ni5FeLDH/88A-PO4 1.296 241.1 0.9449 167.1 4.104 0.5284 

Ni3FeLDH/88A 0.7740 35.57 0.9913 41.04 6.860 0.8641 
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IV. 4.3 Adsorption isotherms of Pb2+ adsorption by LDH-PO4 

IV. 4.3.1 Experiment of adsorption isotherm 

Adsorption isotherm were conducted in batch mode, by adding 10 mg (m) of LDH 

adsorbent and 40 mL (V) of different initial concentrations (C0) of lead ion solution (0, 

5 mg/L, 10 mg/L, 20 mg/L, 50 mg/L, 100 mg/L, 200 mg/L, 300 mg/L, 400 mg/L, 500 

mg/L, 600 mg/L, 800 mg/L, 1000 mg/L) in a sealed 50 ml centrifuge tube at room 

temperature (25 ± 1 °C). After addition of the adsorbent, the centrifuge tubes are shaken 

at 120 revolutions per minute in a thermostatic shaker for 2 h (kinetic equilibrium time). 

Throughout the experiment, the pH of the solution is adjusted at 7.0 by addition of 

NaOH or HNO3 solution. At the end of the reaction, the liquid is separated by 

centrifugation at 10,000 rpm and analysed for adsorption efficiency. The residual lead 

ion concentration (Ce) in the supernatant is determined by ICP-OES. The amount of 

Pb2+ adsorbed by the LDH adsorbent (qe, mg/g) is calculated using the following 

formula: 

qe = 
(C0 - Ce) × V

m
 

where C0 is initial lead ion concentration, Ce is equilibrium concentration, V is volume 

of lead ion solution, and m is quantity of adsorbent. Concentration of adsorbed Pb2+ (qe) 

was plotted versus residual concentration (Ce) to get the adsorption isotherms. 

 

IV. 4.3.2 Models of adsorption isotherm 

The isotherms are fitted with the commonly used Langmuir (eq. 1) and Freundlich 

(eq. 2) models using respectively the following equations [350]: 

Ce

qe

 = 
1

KLqm

 +
Ce

qm

 (eq. 1) 

where qm = maximum amount of adsorbed species (mg/g) and KL is the Langmuir 

constant (L/mg) and RL=
1

1+KLC0
  = separation factor or equilibrium factor. When RL < 

1 adsorption is favourable, when RL = 0 adsorption is irreversible, when RL = 1 

adsorption is linear, when RL > 1 adsorption is unfavourable. 

(eq. 2) ln q
e
=ln KF+ 

1

n
ln Ce 
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where KF = adsorption capacity (L/mg) and 1/n = adsorption intensity or surface 

heterogeneity. When 0 < 1/n < 1 adsorption is favourable; when 1/n > 1 adsorption is 

unfavourable, when 1/n = 1 adsorption is irreversible. 

 

IV. 4.3.3 Results of isotherms of Pb2+ adsorption by LDH-PO4 

The adsorption properties of the LDH adsorbents are evaluated by fitting the 

adsorption isotherms (Fig. IV-11) with the commonly used Langmuir and Freundlich 

models (Fig. IV-12 and Table. IV-6.). The Langmuir model is based on the assumption 

of monolayer adsorption, assuming a homogeneous surface and equal affinity of the 

active sites for the adsorbent molecules [351]. On the other hand, the Freundlich 

isotherm equation is an empirical equation that describes adsorption on heterogeneous 

surfaces [352]. It is evident that, for the adsorption of Pb2+on the five adsorbents, the 

Langmuir model is more suitable for the than the Freundlich model. This suggests that 

the LDH-PO4 surface displays independent and strongly reactive adsorption sites. 

 

Table. IV-6 Parameters of Pb2+ adsorption isotherms obtained from Langmuir 

and Freundlich linear regression fitting. 

LDH-PO4 

Langmuir Model Freundlich Model 

KL (L/mg) qm (mg/g) R2 
KF 

(L/mg) 
n R2 

Ni2FeLDH/COP-PO4 0.049 71.0 0.992 8.15 2.62 0.958 

Ni3FeLDH/COP-PO4 0.044 68.8 0.990 9.11 2.79 0.913 

Ni3FeLDH/88A-PO4 0.103 537.6 0.999 284.0 8.90 0.752 

Ni5FeLDH/88A-PO4 0.022 183.5 0.998 21.56 2.73 0.918 

Ni3FeLDH/88A 0.018 56.8 0.985 7.51 3.04 0.860 

 

The maximum adsorption capacity according to Langmuir fitting, 537.6 mg/g for 

Ni3FeLDH/88A-PO4 is similar to the value obtained by the PSO kinetic fitting (495 

mg/g). Ni3FeLDH/88A-PO4 and Ni5FeLDH/88A-PO4 exhibit much higher Pb2+ 

adsorption capacities (538 and 184 mg/g respectively) than Ni2FeLDH/COP-P and 

Ni3FeLDH/COP-P (71 mg/g and 69 mg/g respectively), more than 7 times higher. The 
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phosphate-free material (Ni3FeLDH/88A) has the lowest adsorption efficiency (57 

mg/g), indicating that the adsorption capacity is significantly enhanced after phosphate 

modification. The stronger adsorption capacity of Ni3FeLDH/88A-PO4 compared to 

Ni5FeLDH/88A-PO4 is related to its higher surface area combined with higher P 

content. From Table. IV-7, which reports the adsorption capacities of Pb2+ by various 

LDH-based materials and phosphorus-containing adsorbents, it is evident that the 

LDHs synthesized in this work display the best adsorption capacity ever obtained.  

 

 

Fig. IV-11 Pb2+ adsorption isotherms of LDH adsorbents with non-linear 

Langmuir and Freundlich fits. 

 

 

Fig. IV-12 (a) Langmuir fitting and (b) Freundlich fitting of Pb2+ adsorption 

isotherms of LDH adsorbents. 
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Table. IV-7 Pb2+ adsorption by various materials. 

No. Adsorbent 
Adsorption capacity 

(mg/g) 
Ref. 

1 Co-Al-LDH@Fe2O3/3DPCNF 426.76 [353] 

2 NiFe-MoS4
2−-LDH/CF 299.00 [317] 

3 MnFe-LDH/MnFe2O3@3DNF 468.48 [354] 

4 Mg2Al LDH 66.16 [355] 

6 SA-LDH 243.67 [356] 

7 BC-LDH 294.00 [357] 

8 MgAl@AC 94.57 [358] 

9 
Amorphous Tin(VI) Hydrogen Phosphate 

(ATHP) 
372.99 [359] 

10 P-FH@BC 321.52 [360] 

11 Potato Starch Phosphate (PSP) 105.62 [361] 

12 

Phosphorylated Magnetic Chitosan 

Composite 

(P-MCS) 

151.06 [362] 

13 
Hydroxyapatite Coated Activated Carbon  

(C-HAP) 
401.58 [363] 

14 Ni3FeLDH/88A-PO4 537.6 This work 

15 Ni5FeLDH/88A-PO4 183.5 This work 

 

IV. 4.4 Selectivity towards Pb2+/Ni2+/Cd2+ adsorption 

IV. 4.4.1 Effect of M2+ competition 

The adsorption of mixture of Pb2+, Cd2+, Ni2+ was carried out in a 50 mL centrifuge 

tube in batch mode. 10 mg of adsorbent was suspended in 40 mL aqueous solution 

containing 200 ppm of each M2+ ions and stirred with a thermostatic oscillator at room 

temperature, and the pH value was adjusted to 7. After 2 h contact time, the solution 

was centrifuged and, the concentrations of Pb2+, Cd2+, Ni2+ ions in supernatants were 
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analysed by ICP-OES. 

 

IV. 4.4.2 Selectivity towards Pb2+/Ni2+/Cd2+ adsorption 

One of the key characteristics of adsorption processes and adsorbents is their 

selectivity toward sorbates. Selectivity can be a property that may be sought or avoided 

depending on the targeted wastewater treatments. In the case of adsorption of highly 

toxic metals such as Pb2+, selectivity is an important criterion that determines the choice 

of the adsorbent. The adsorption selectivity of LDH-PO4 for Pb2+ was evaluated in 

competition with Ni2+ and Cd2+ cations (Fig. IV-13). For LDH-PO4 adsorbents the 

affinity for heavy metals decreases as follows: Pb2+ > Ni2+ > Cd2+. Both 

Ni3FeLDH/88A-PO4, Ni5FeLDH/88A-PO4 display the same relative adsorption 

selectivity toward the mixture of Pb2+, Cd2+, Ni2+, except that Ni3FeLDH/88A-PO4 

adsorbs more Pb2+, Ni2+ and Cd2+ (1.5-1.7 time more) [364]. Ni3FeLDH/88A-PO4 

demonstrates very high selectivity, its capability to remove 100% of Pb2+ of a 200 ppm 

solution is not even altered by the competition of equimolar quantities of Cd2+ and Ni2+.  

 

 

 

Fig. IV-13 Selective adsorption of Ni3FeLDH/88A-PO4, Ni5FeLDH/88A-PO4, 

Ni2FeLDH/COP-PO4 and Ni3FeLDH/COP-PO4 towards mixture of Pb2+, Cd2+, Ni2+. 
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From Table. IV-8, it can be observed that the adsorption capacity of 

Ni3FeLDH/88A-PO4 for a mixture of HM or for a single HM is nearly the same (qe 

(Cd2++ Ni2++ Pb2+) = 505 mg/g and qe (Pb2+) = 525 mg/g. The adsorption efficiencies 

of Ni2FeLDH/COP-PO4 and Ni3FeLDH/COP-PO4 are much lower. Ni3FeLDH/88A 

and Ni3FeLDH/88A-PO4 also show a certain extent adsorption capacity for nickel ions, 

which indicates that LDH does not release nickel ions during adsorption thereby further 

polluting the water [365]. 

 

Table. IV-8. Removal% of competing Pb2+/Ni2+/Cd2+ cations for LDH-PO4 

adsorption and relative qe values. 

LDH-PO4 Cd% Ni% Pb% 
qe (Cd) 

(mg/g) 

qe (Ni) 

(mg/g) 

qe (Pb) 

(mg/g) 

qe 

(Ni+Cd+Pb) 

(mg/g) 

qe (Pb) 

mg/g 

Ni2FeLDH/COP-

PO4 
0.84 13.32 46.45 2.4 16.4 90.0 108.9 72.4 

Ni3FeLDH/COP-

PO4 
0.00 0.69 33.77 0.0 1.9 83.9 85.8 69.7 

Ni3FeLDH/88A-

PO4 
30.19 62.93 100 87.3 169.1 248.5 504.9 525.3 

Ni5FeLDH/88A-

PO4 
20.34 45.78 62.21 58.9 103.7 148.5 311.0 170.6 

 

IV. 4.5 Insight in the Pb2+ adsorption mechanism 

The reactivity of LDH-PO4 synthesized via co-precipitation and MIL-88A 

conversion methods differs significantly (Fig. IV-14). While the LDH structure remains 

intact in all XRD patterns, indicating that the LDH lattice is structurally unaffected by 

Pb2+ adsorption, NixFeLDH/88A-PO4 (x=3,5) demonstrates strong interaction with 

Pb2+, leading to the formation of additional crystallized phases. These phases can be 

identified as a mixture of Pb3(PO4)2 (JCPDS 13-0278) and Pb(OH)2 (JCPDS 75-1177). 

Pb(OH)2 is the major phase that precipitates from Pb2+/NixFeLDH/COP-PO4 (x=2,3), 

even though these adsorbents contain more PO4
3- anions (Table. IV-1). Phosphate 

species are less accessible to Pb2+ in these cases, as they are embedded in strongly 

aggregated LDH platelets.  
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Fig. IV-14 XRD of residues after Pb2+ adsorption 

(◆), Pb3(PO4)2 (), Pb(OH)2 () phases. 

 

In contrast, the 3D nanostructured platelet rod-like architecture of LDH-PO4 

derived from MIL-88A offers a porous morphology where PO4
3− anions are easily 

accessible for Pb3(PO4)2 formation [366]. The presence of a broad vibration band at 

1400 cm−1 in the FTIR spectrum (Fig. IV-15) of Ni3FeLDH/88A-PO4/Pb2+ residue 

suggests the presence of the carbonate pyromorphite phase (Pb5(PO4,CO3)3(OH,CO3)) 

as a minor phase, whose diffraction lines superimpose on those of Pb3(PO4)2 [367]. All 

adsorbents after adsorption of lead contain asymmetric stretching vibrations attributed 

to the P-O bond located at 1045 cm−1, which is not much different from that before the 

reaction [368]. The above phosphate bands of Ni3FeLDH/88A-PO4 and 

Ni5FeLDH/88A-PO4 were significantly shifted to a lower frequency of 988 cm−1 after 

exposure to lead solutions [369]. This transition is typical of coordination complexation 

of phosphate groups with metal ions [370]. For Ni3FeLDH/88A-PO4, a peak of Pb was 

observed at 539 cm−1, which unfortunately did not occur for the other three adsorbents. 
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Fig. IV-15 FTIR spectra of Ni3FeLDH/88A-P, Ni5FeLDH/88A-P, 

Ni2FeLDH/COP-P and Ni3FeLDH/COP-P residues after Pb2+ adsorption. 

 

The coexistence of multiple crystalline phases in Ni3FeLDH/88A-PO4 and other 

residues of adsorption is consistent with the SEM (Fig. IV-16) and EDS (Fig. IV-17) 

results. In the case of the most reactive adsorbent, Ni3FeLDH/88A-PO4, two new 

structures appear with lamellar hexagonal and needle-like morphologies and upon 

magnification, uniform semi-spherical bumps are observed distributed on the surface 

of the rod structure [371]. 

 

 

Fig. IV-16 SEM images and elemental mapping of Ni3FeLDH/88A-PO4 results 

after Pb2+ adsorption. 

3(CO3)
1400 cm-1

5 mm

5 mm

5 mm

5 mm5 mm

5 mm
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 The low content of Fe-Ni elements in the needles confirms the formation of Pb 

and P rich phases. Lead EDS signal is detected on the surfaces of the four adsorbents, 

although, its content varied significantly. In the residues of Ni2FeLDH/COP-PO4 and 

Ni3FeLDH/COP-PO4, there is no significant change in its nickel-iron ratio after Pb2+ 

adsorption, with Pb content on the surface being 1.69% and 3.99%, respectively. This 

suggests that Pb2+ is adsorbed mainly on the surface of the LDH platelets, 

predominantly as Pb(OH)2 as shown by XRD (Fig. IV-14). However, for 

Ni3FeLDH/88A-PO4, the different structures are examined separately due to their 

distinct structural alterations. Regardless of the structure, the lead content is found to 

be extremely high, especially in the rod and flake structures, where the lead content 

exceeds 40%. Even on the surface of the rod structure, the lead content is 20.8%, 

significantly higher than the 0.78% lead content on the surface of Ni5FeLDH/88A-PO4. 

Additionally, the content of iron and nickel in different positions varies greatly, 

indicating not only adsorption but also co-reaction between Pb2+ and Ni3FeLDH/88A-

PO4. 

 

The mapping results indicate that Pb2+ is not uniformly distributed on the 

adsorbent surface, with varying content observed on the different adsorbent surfaces 

(Fig. IV-17c). Specifically, lead content is highest on the Ni3FeLDH/88A-PO4 surface 

and lowest on the Ni5FeLDH/88A-PO4 surface, which aligns with the EDS results. In 

the rod structure of Ni3FeLDH/88A-PO4, there are no signals for iron and nickel but 

strong signals for oxygen, phosphorus, and lead, particularly lead (highlighted in the 

circled portion of Fig. IV-16). This suggests the presence of a lead phosphoric acid 

compound. Comparatively, the phosphorus and lead contents in Ni3FeLDH/88A-PO4 

are significantly higher than those in the other three adsorbents, consistent with its high 

adsorption capacity. Following the adsorption process, there is a notable increase in 

phosphorus and lead content, accompanied by a corresponding decrease in oxygen 

content in Ni3FeLDH/88A-PO4. This indicates the accumulation of Pb-PO4 species on 

the surface of the original adsorbent, contributing to the observed changes in elemental 

composition. 
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Fig. IV-17 (a) SEM, (b) EDS spectra and (c) elemental mapping of 

Ni3FeLDH/88A-PO4, Ni5FeLDH/88A-PO4, Ni2FeLDH/COP-PO4 and 

Ni3FeLDH/COP-PO4 after Pb2+ adsorption. 
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The XPS analysis of phosphorus (P) and lead (Pb) was conducted on the residues 

to investigate the energy changes of the bonds involving both elements (Fig. IV-18 and 

Fig. IV-19). After Pb2+ adsorption, the P 2p1/2 and P 2p3/2 peaks shifted to lower energy 

for all four adsorbents compared to the pristine sorbents, suggesting protonation of 

surface ligands as a result of lead adsorption [368]. The energy shifts observed in the P 

2p peaks are even more pronounced for Ni3FeLDH/88A-PO4 and Ni5FeLDH/88A-PO4 

(ΔP2p1/2 = 0.47 and 0.51 eV respectively), which can be attributed to the increased 

reactivity of phosphate with Pb2+. Regarding the Pb 4f spectrum, it exhibits a spin-orbit 

splitting into Pb 4f7/2 and Pb 4f5/2 components. The peak observed at 137.86 eV is 

indicative of the bonding of lead to oxygen [372]. The significant differences observed 

in the energy bonding of Pb 4f5/2 and Pb 4f7/2 between residues derived from 

coprecipitation and MIL-88A conversion suggest that Pb2+ is engaged with different 

components in both series. Specifically, in the coprecipitation-derived residues, Pb2+ 

appears to be mainly associated with Pb(OH)2, whereas in the MIL-88A conversion-

derived residues, it is primarily linked with Pb3(PO4)2, or potentially even Pb5(PO4, 

CO3)3(OH, CO3). 

 

 

Fig. IV-18 XPS of Ni3FeLDH/88A-PO4, Ni5FeLDH/88A-PO4, Ni2FeLDH/COP-

PO4 and Ni3FeLDH/COP-PO4 after the reaction. 
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Fig. IV-19 (a) (c) (e) (g) P 2p and (b) (d) (f) and (h) Pb 4f of XPS signals for 

Ni3FeLDH/88A-PO4, Ni5FeLDH/88A-PO4, Ni2FeLDH/COP-PO4 and 

Ni3FeLDH/COP-PO4 after Pb2+ adsorption. 
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The adsorption mechanism diagram (Fig. IV-20) synthesized from the analysis 

illustrates several processes integral to the overall purification of lead ion solutions. 

Chief among these processes is the adsorption of phosphate ions, which emerges as the 

most crucial mechanism. Phosphates act by trapping lead ions through chelation, 

significantly contributing to their removal from solution. Additionally, surface 

adsorption and co-precipitation mechanisms also play essential roles in immobilizing 

lead ions, further enhancing the purification process. 

 

 

Fig. IV-20 Adsorption mechanism of Pb2+ by Ni3FeLDH/88A-PO4. 

 

IV.5 Conclusion 

The study presents the successful synthesis of 3D nanostructured NixFe LDH (x=3 

and 5) materials loaded with PO4
3- anions (NixFeLDH/88A-P (x=3,5)) through a multi-

step synthesis process involving MIL-88A (Fe) conversion into NixFe-LDH followed 

by ion exchange with phosphate anions. These materials exhibit a rod-like morphology 

characterized by uniformly distributed LDH nanoflakes, high surface area, and high 

porous volumes. In comparison to LDH-PO4 materials prepared via conventional 

coprecipitation (NixFeLDH/COP-PO4 (x=3,5)), the newly synthesized LDH-based 

materials demonstrate significantly enhanced adsorption properties towards highly 

toxic Pb2+ ions. Particularly, Ni3FeLDH/88A-PO4 exhibits superior Pb2+ removal 

performance (538 mg Pb2+/g LDH-PO4) compared to other reported adsorbents in the 

literature. The removal of Pb2+ is attributed to phosphate chelation with Pb2+ and 

precipitation of Pb-PO4 and Pb(OH)2 phases. Consequently, 3-D Ni3FeLDH derived 
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from MOF MIL88A loaded with PO4 emerges as a promising adsorbent for the removal 

of Pb2+ and other heavy metals from water, including Cd2+ and Ni2+. This study 

underscores the potential of LDH loaded with reactive anions for heavy metal removal 

applications. 
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Chapter V 

Catalytic reactivity of LDH-88A 

and LDO-88A for the degradation 

of organic pollutants 
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V.1 Introduction 

Recently, due to increased urbanization and industrialization to meet human needs, 

a massive quantity of toxic wastes has been released into the environment [373]. As a 

result, water pollution is prioritized over other concerns worldwide due to the constant 

discharge of industrial wastes containing different organic dyes, agrochemicals, 

personal care products, pharmaceuticals and aromatic compounds into water bodies 

[210]. Among water pollutants, organic contaminants such as industrial dyes and 

pharmaceutical products in drinking water systems already pose a potential threat to 

human health due to their toxicity and non-biodegradability [374, 375]. Typical organic 

pollutants, such as bisphenol A (2,2-bis (4-hydroxyphenyl) propane，BPA) (Fig.V-1), 

is chemical raw material that are widely made into polycarbonate [376], polyphenoxy, 

epoxy resins [377], and used in household plastic products [378]. It is also used as a 

coating on metal surfaces to make canned foods [379] less susceptible to deterioration 

and spoilage. However, it is also a secretor of disruptors and environmental hormones 

that can cause endocrine disruption [380] in animals and humans, threatening the health 

[381] of fetuses and children [382], and can also lead to cancer or metabolic disruption 

leading to obesity in humans. For instance, there is evidence that prenatal exposure of 

the BPA could lead to the neurodevelopment disorders such as autism [383]. On the 

other end, the use of polymeric baby bottles has been proven to place infants at slight 

risk of the BPA exposure [384]. In addition to the humans, the BPA exposure has 

harmful effects on aquatic organisms such as fish. For instance, the short-term exposure 

of the BPA at 100 mM has induced oxidative stress in the Atlantic salmon fish kidney 

cell line [385]. Therefore, it is becoming increasingly urgent to develop effective 

technologies to reduce organic pollution of water [386]. 

 

 

BisphenolA 

(C15H16O2) 

 

MP BP (101kPa) Solubility Log Kow Koc 

155 

°C 
360 °C 300 mg.L-1 3.4 715 L.Kg-1 

 

Fig.V-1. Structural and physico-chemical data of bisphenol A. 

 

Advanced oxidation processes (AOPs) are capable of destroying a wide range of 
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organic matter in water, even at low concentrations. The AOP process produces highly 

reactive chemical species hydroxyl and/or sulphate radicals (HO• and SO4
•−) - that can 

break down even the most bio-chelating molecules into benign biodegradable products. 

Persulfates (PS) are important catalysts through the generation of highly reactive radical 

species such as SO4
•− radical point (E0 = 2.5-3.1 V) and hydroxyl radical HO• radical 

point (E0= 1.89-2.72 V) [16]. A large number of activation methods (e.g. transition 

metal, heat, ultraviolet light, ultrasonic irradiation, semiconductor, carbon-based 

catalysts and electrochemical activation) have been developed and can be used for PS 

activation [387-391]. Among these systems, non-homogeneous catalysts have been 

commonly used due to their advantages of energy efficiency, low hazard, and easy 

recovery from the aquatic environment [392]. 

 

Among the several heterogeneous catalysts used for catalytic degradation of 

organic pollutants, Layered Double Hydroxides (LDH), particularly LDH containing 

multivalent transition metal cations (Cr, Mn, Fe, Co, Ni, Cu) and their calcined 

derivatives (Layered Double Oxides, LDO, which has the advantages of simple 

preparation, good catalytic performance, low metal solubility, and wide pH range 

[393].) have received increasing attention. Indeed, LDH and LDO have demonstrated 

efficient catalytic properties in various oxidation processes such as fenton and fenton-

like processes [394, 395], photocatalytic and photo-fenton processes, sulfate radical or 

non-radical activation processes. Yan et al. synthesised CuMgFe-LDH as an efficient 

activated PS catalyst for the removal of ethylbenzene [396]. Yan et al. synthesised 

CuMgFe-LDH as an efficient activated PS catalyst for the removal of ethylbenzene 

[397] (Table.V-1). This is due to their easily adjustable atomic compositions, 

morphology, atomic vacancies, crystal facets, and surface stress, factors that greatly 

determine their electronic properties and consequently their catalytic properties, thanks 

to a great choice of synthesis methods (see chapter 1). 

 

However, their high surface charge properties, compare to other materials, favor 

strong platelet aggregation and make it difficult to prepare LDH with porous 

morphology and surface accessibility. The recent preparation of three-dimensional (3D) 

LDH hollow structures has open the field to the synthesis of LDH with expected 

enhanced catalytic properties. Huo et al. [160] constructed a multistage LDH/MOF 

electrocatalyst using in situ pseudocrystalline conversion, during which ultrathin Fe-Ni 
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LDH nanosheets were generated in the middle of heterometallic MOF. The ultrathin 

LDH arrays contain abundant metal sites and extended electron transport channels, 

which enable the multistage FeNi-LDH/MOFs to exhibit remarkable electrochemical 

activities in the oxygen evolution reaction (OER).  

 

Table.V-1 Catalytic degradation of organic pollutants in water by Fe-based LDH 

and LDO. 

Catalysts Reaction conditions 
Reaction time and 

maximum removal 
Ref. 

Fe2Co1-LDH 

[BPA] = 30.00 mg/L, 

[PS] = 4 mM, 

[catalyst] = 0.3 g/L, 

T = 25 °C. 

Reaction = 60 min, 

removal rate = 99.38% 
[398] 

Mg-Fe-LDH@biochar 

[DOX] =35.00 mg/L, 

[PMS] = 7.5 g/L, 

[catalyst] = 0.75 g/L, 

Reaction = 120 min, 

removal rate = 88.76% 
[399] 

AC@CoFe-LDH 

[LMF] = 5.00 mg/L, 

[PS] = 1 g/L, 

[catalyst] = 0.2 g/L, 

T = 25 °C 

Reaction = 60 min, 

removal rate = 93.20% 
[400] 

FeCo-LDH 

[RhB] = 20 mg/L, 

[PMS] = 0.15 g/L, 

[catalyst] =0.2 g/L, 

T = 25 °C 

Reaction = 10 min, 

removal rate = 99% 
[401] 

CuFe-LDH 

[MV] = 20 mg/L, 

[PS] = 0.2 g/L, 

[catalyst] =0.2 g/L, 

T = 25 °C 

Reaction = 18 min, 

removal rate = 99% 
[402] 

Ni-Fe-Zn LDH 

[OFL] = 20 mg/L, 

[PS] = 6 mM, 

[catalyst] =0.4 g/L, 

T = 25 °C 

Reaction = 100 min, 

removal rate = 93.11% 
[403] 

Fe2O3@NiFe 

LDH@biotemplate 

[RhB] = 40 mg/L, 

[PS] = 5 mM, 

[catalyst] =0.1 g/L, 

T = 25 °C 

Reaction = 50 min, 

removal rate = 100% 
[404] 
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CuMgFe-LDH 

[ethylbenzene] = 0.08 

mM, 

[PS] = 4 mM, 

[catalyst] =0.3 g/L, 

T = 20 °C 

Reaction = 24 h, 

removal rate = 95.5% 
[396] 

Cu/ZnO/CoFe-CLDH 

[BPA] = 10 mg/L, 

[PS] = 40 mM, 

[catalyst] =0.5 g/L, 

T = 25 °C 

Reaction = 5 h, 

removal rate = 99% 
[405] 

Bi2O3/CuNiFe-LDH 

[LOM] = 15 g/L, 

[PS] = 0.74 mM, 

[catalyst] =0.4 g/L, 

T = 25 °C 

Reaction = 40 min, 

removal rate = 84.6% 
[406] 

Fe3O4@CuFe-LDH 

[Qu] = 40 mg/L, 

[PS] = 0.45 g/L, 

[catalyst]= 35 mg/L, 

T = 25 °C 

Reaction = 30 min, 

removal rate = 92.1% 
[407] 

CuMgFe/-LDO 

[Phenol] = 0.1 mM, 

[PS] = 0.5 mM, 

[catalyst] =0.5 mM, 

T = 25 °C 

Reaction = 30 min, 

removal rate = 95.3% 
[408] 

CuMgAl-LDO 

[SMD] = 5 mM, 

[PS] = 0.7 mM, 

[catalyst] =0.3 g/L, 

T = 25 °C 

Reaction = 40 min, 

removal rate = 100% 
[409] 

where BPA is bisphenol A, DOX is doxycycline, LMF, LOM is lomefloxacin, RhB is 

Rhoadmine B, MV is methyl violetazo dye, OFL is ofloxacin, Qu is quinoline, TMP is 

trimethoprim, SMD is sulfameter 

 

Nevertheless, the choice of template remains limited by the composition or shape 

of the template. That is, the right template is the key to making 3D hollow structures 

with complex structures [214]. However, conventional hydrothermal methods for 

synthesizing MIL-88A typically require more than 10 hours of heating in a reactor [223, 

224] or stirring the reaction at room temperature for 24 h [225, 226]. In contrast, 

microwave heating, a more powerful alternative technology, is characterized by non-

contact, reduced reaction times and lower energy consumption [227]. Therefore, the 
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present study strictly follows the concept of "simple, convenient, efficient and 

environmentally friendly", and LDH converted from MOF, LDH/88A and its oxidation 

product, LDO/88A, which have been mentioned in previous chapters (Ni3FeLDH/88A 

and Ni3FeLDO/88A), are used to study the PS-catalyzed degradation of bisphenol A. 

In the present study, the LDH-88A and its LDO-88A, MIL-88A, were synthesized by 

microwave synthesis. The research work in this paper proves that the novel LDH and 

LDO with regular shapes have very promising prospects as novel catalysts and will play 

a more important role in this field in the future. 

 

V.2. Application of LDH/MIL88A catalytic PS 

degradation of BPA 

In order to gain a clear understanding of the catalytic performance of 

Ni3FeLDH/88A, a series of conditional experiments were carried out to further 

elucidate the activation process. 

 

V.2.1 Effects of light 

As many papers reported, the photoactivity of LDH and LDO for degradation of 

organic molecules and BPA [24, 410, 411], we first investigated the effect of light in 

combination with LDH/MIL88A and calcined derivatives.  

 

Irradiation experiments: Irradiation experiments were conducted in a 100 mL 

reactor placed in a rectangular box equipped with four UVA polychromatic 

fluorescence tubes (F15W/350BL, Sylvania blacklight, Germany), which were 

positioned above the solution (Fig.V-2). The polychromatic emission spectrum of the 

irradiation system reaching the solution was measured using an optical fiber with a 

charge coupled device (CCD) spectrophotometer (Ocean Optics USD 2000 + UV-vis), 

which was calibrated using a DH-2000-CAL deuterium tungsten halogen reference 

lamp. The total irradiance in the UV region of solar radiation (290-400 nm) reaching 

the solution was 1390 µW cm−2. 
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Fig.V-2 Equipment for irradiation experiments. 

 

Experimental conditions: The degradation experiments were carried out in the 

dark in 150 mL beakers. In a typical procedure, 0.2 g/L−1 Ni3FeLDH/88A was 

ultrasonically dispersed in 50 mL Milli-Q water for 30 min, and pH was definite value 

(7.1 ± 0.1) without the addition of acid and alkali. The prepared Ni3FeLDH/88A  

suspension was magnetically stirred at a room temperature (20 °C). The BPA and PDS 

stock solutions were then mixed with the suspension to start the reaction, with the 

desired initial concentrations, 20 μM and 0.5 mM. Unless otherwise stated, all 

experiments were conducted at the initial pH of 7.1. During the reaction, 2 mL sample 

was regularly taken out and filtered with a 0.22 μm PTFE filter. 

 

The effect of light on the catalytic degradation of BPA by Ni3FeLDH/88A is 

shown in Fig.V-3. When using Ni3FeLDH/88A alone without any other activation, the 

BPA content remained at 100% after ten minutes with or without light, which indicates 

that there is neither photodegradation under light neither adsorption of BPA by the solid 

material. In order to explore the synergistic combination of Ni3FeLDH/88A with light 

and persulfate activation, experiments were also performed in the same condition with 

addition of ammonium peroxodisulfate ((NH4)2S2O8) (PS). First, effect of PS was tested 

without the presence of LDH. The degradation efficiency of PS for bisphenol A at ten 

minutes under dark conditions was 4.8%. Under the light condition, the degradation 

efficiency increases to 18.2%. This indicates that PS alone has little effect on the 

degradation of bisphenol A, even though PS is a strong oxidant with a high standard 

reduction potential. However, when both Ni3FeLDH/88A and PS are present in the 
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solution, BPA decreases by 81% in ten minutes, indicating that LDH can catalyze the 

degradation of BPA by PS. It is worth mentioning that the efficiency of catalytic 

degradation is almost the same under light and dark conditions, which indicates that 

light has no effect on the catalytic degradation process. Following these results, research 

focused on the joint action of PS and HDL on the catalytic degradation of BPA. 

 

 

Fig.V-3. Kinetic of BPA degradation under catalytic activation of PS by 

Ni3FeLDH/88A (20 μM BPA, 0.5 mM PS, 0.2g/L Ni3FeLDH/88A, 50 mL H2O). 

 

V.2.2. Effect of peroxodisulfate S2O8
2- (PS) concentration 

The persulfate species (PS), including peroxomonosulfate (HSO5
−, PMS), and 

peroxodisulfate (S2O8
2−, PDS, referred to as PS in this study), have demonstrated 

remarkable efficacy as catalysts for oxidizing refractory organic molecules. When 

combined with certain transition metal ions, either in solution or solid phases, PS-based 

oxidation processes exhibit notable potential. These processes may manifest as 

advanced oxidation processes (AOPs) generating active radicals (such as SO4
• −, SO5

• 

−, S2O8
• −) or as non-radical processes. This study delves into the role of peroxydisulfate 

(S2O8
2−, PDS) in conjunction with NixFe LDH and NixFe LDO catalysts for the 

degradation of bisphenol A (BPA). Initially, we examined the impact of the initial 

concentration of PS on BPA degradation under conditions similar to those used in 
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experiments evaluating the effect of light. The concentrations of PS tested ranged from 

0.05 to 0.5 mM in a 100 mL solution. 

 

As depicted in Fig.V-4, a 44.7% degradation of BPA was achieved with 0.05 mM 

PS. Upon increasing the PS concentration to 0.1 mM, the degradation reached 71.7%, 

indicating that appropriate PS and catalyst interactions can yield more active species. 

However, there was no significant change in BPA degradation with further increases in 

PS concentration beyond 0.1 mM, up to 0.5 mM. Evidently, the LDH metal cations of 

Ni3Fe/MIL88A play a pivotal role in activating persulfate. 

 

 

Fig.V-4 Effect of PS concentration on BPA degradation activated by 

Ni3Fe/MIL88A (20 μM BPA, 0.2g/L LDH, 50 mL H2O). 

 

From a chemical composition standpoint, it is noteworthy that the atomic 

percentages of Ni2+ and Fe3+ in Ni3Fe/MIL88A, as measured by ICP, are respectively 

Ni: 41.53% and Fe: 13.17%. Therefore, for 10 mg of Ni3Fe/MIL88A, there are 0.0708 

mmole Ni2+ and 0.0236 mmole Fe3+, accounting for both bulk and surface elements. 

Consequently, the PS/Ni and PS/Fe molar ratios are respectively 0.28 and 0.85 for 0.2 

mM PS, the minimum values for maximum efficiency, and 0.68 and 2.12 for 0.5 mM 

PS, the saturated concentration of PS. 

 

Although quantifying the number of accessible Ni2+ and Fe3+ surface sites is 
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challenging, the PS concentration used corresponds to a stoichiometric excess of PS 

compared to metal activators. The existence of a maximum PS/LDH ratio that limits 

efficiency may stem from a surface saturation effect, beyond which the accessibility of 

Ni/Fe sites to PS becomes limited. 

 

Regarding the identification of the active species accountable for catalytic 

oxidation, Dongting Yue et al. reported that the transient species, •SO4
− and HO•, 

formed under activation of Ni2Fe LDH are responsible for the BPA degradation [412]. 

The HO• species arise from the conversion of •SO4
− (•SO4

− + H2O → SO4
2- + H+ + 

•OH). 

 

V.2.3. Effect of catalysis concentration 

The concentration of catalyst plays a key role in both the efficiency of organic 

degradation and the kinetic model governing their breakdown. Therefore, we conducted 

investigations into the effect of catalyst concentration on the degradation of BPA. The 

experimental conditions for kinetic experiments, as used to study the effect of light, 

were upheld, with the sole variation being the concentration of catalyst ranging from 0, 

40, 100, 200, to 400 mM. 

 

Fig.V-5 investigates the impact of catalyst dosage on BPA removal, revealing that 

higher catalyst dosages correspond to more favorable BPA removal rates. Under 

identical PS dosage conditions, the degradation rate of BPA is growing rapidly with 

increasing catalyst dosage. For instance, with a catalyst dosage of 40 mg/L, 

approximately 39.5% of the BPA is removed within 10 minutes. However, when the 

catalyst dosage is increased to 100 mg/L of Ni3FeLDH/88A, the remaining BPA is 

halved compared to the 40 mg/L dosage. Remarkably, with a catalyst loading of 400 

mg/L, complete removal of BPA is achieved within a mere 7 min.  

 

For the catalytic degradation effect of different doses of catalysts at seven minutes 

of reaction was analyzed (Fig.V-6), and it was found that the gap in catalytic 

degradation ability was greater from 0 to 40 to100 mg/L than from 100 to 200 to 400 

mg/L. These findings underscore that the addition of catalysts facilitates the creation of 
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additional active sites that react with PS, thereby accelerating the production of free 

radicals [413]. The increase in the number of surface sites available for PS activation, 

as the catalyst amount rises, exerts a profound influence on the kinetic degradation of 

BPA. Notably, with 400 mg/L of Ni3Fe/MIL88A, only 7 minutes are required for total 

BPA degradation. 

 

 

Fig.V-5 Effect of Ni3Fe/MIL88A concentration on the degradation of BPA 

activated by PS (20 μM BPA, 0.5 mMPS, 50 mL H2O). 

 

 

Fig.V-6 Catalytic degradation of different concentrations of catalysts at seven 

minutes of reaction. 
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V.2.4. Comparison with Ni3FeLDH/COP and MIL-88A 

The objective of our study was to enhance the catalytic reactivity of NixFe LDH 

by controlling its morphology. To achieve this, we compared the catalytic degradation 

efficiency of 3D Ni3FeLDH/88A with that of Ni3FeLDH/COP synthesized by co-

precipitation, as well as with its precursor MIL-88A. The catalytic degradation 

efficiencies were evaluated under both light and dark conditions, with all other 

experimental conditions kept constant (Fig.V-7). 

 

Our results indicate that MIL-88A exhibited minimal catalytic ability, with its 

21.8% degradation rate under light conditions primarily attributed to the degradation of 

bisphenol A by PS. In contrast, Ni3FeLDH/COP catalysed the degradation of 53% of 

bisphenol A within ten minutes. Remarkably, Ni3FeLDH/88A demonstrated even 

greater efficiency, with over 80% degradation of bisphenol A achieved within the same 

time frame. These findings conclusively demonstrate that the degradation efficiency 

decreases following: Ni3FeLDH/88A > Ni3FeLDH/COP > MIL-88A. 

 

 

Fig.V-7 Catalytic degradation of BPA by PS activated by Ni3FeLDH/88A, 

Ni3FeLDH/COP and MIL-88A, under light/dark conditions (20 μM BPA, 0.5 mM PS, 

0.2g/L Ni3FeLDH/88A, 50 mL H2O). 

 

However, as already discussed previously, it is worth noting that for both 
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Ni3FeLDH/88A and Ni3FeLDH/COP, light does not appear to have any effect on their 

catalytic activity. The optical absorption characteristics of Ni3FeLDH/88A and 

Ni3FeLDH/COP were investigated using UV-Vis diffuse reflectance spectroscopy 

(UV-vis DRS) (Fig.V-8a) in order to evaluate the band gap of both NixFe LDH. In the 

spectra of both Ni3FeLDH/COP and Ni3FeLDH/88A, the absorption band observed 

around 341 nm corresponds to the ligand metal charge transition spectra from the O2p 

to the 3d orbitals of Ni2+/Fe3+ in an octahedral environment. The bandgap energies (Eg) 

of LDH were calculated using the Tauc plot of the Kubelka-Munk function as follows: 

K/S=F(R∞)=(1- R∞)2/(2 R∞)      [414] 

where R∞ is the Kubelka-Munk function, R∞ = Rsample/Rstandard, S is the scattering 

coefficient, and K is the absorption coefficient of the sample, K/S = F(R∞). When ‘S' is 

a constant and the effective absorption coefficient K = 2 α (where α is the absorption 

coefficient).  

 

 

Fig.V-8 UV-vis of (a) Ni3FeLDH/88A and Ni3FeLDH/COP and (b) MIL-88A. 

 

Thus, Tauc's equation is as follows: 

 (F(R∞)hv)=A(hv-Eg)
n 

where h and ν are the Planck's constant and the frequency of the photon with linear 

extrapolation respectively, and n = ½ when indirect band transition is allowed which is 

the case of most LDH semiconductors as reported by Si-Min Xu et al. [415]. The graph 

[F(R)hν] ½ vs. hν in eV is shown in Fig.V-8 a. The Eg values of Ni3FeLDH/88A and 

Ni3FeLDH/COP were estimated as 2.17 eV and 2.22 eV, respectively, similar values 

than reported in the literature for Ni2Fe-LDH structure [416]. The Valence Band 

Maximum (VBM) and the Conduction Band (CBM) of Ni2FeCl-LDH consist of Ni-3d, 
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O-2p, and Fe-3d orbital energy, respectively. The lack of photocatalytic activity 

towards BPA observed in Ni3FeLDH/88A and Ni3FeLDH/COP semiconductors stems 

from rapid recombination or trapping of the electron-hole (e-/h+) species generated 

upon irradiation. This phenomenon is likely attributed to the presence of defects or 

impurities within the crystal lattice or on the surface of LDH platelets. Based on the 

observed outcomes, it is reasonable to conclude that the unique 3D mesoporous 

morphology of Ni3FeLDH/88A does not facilitate light absorption and subsequent 

photocatalytic reactivity as effectively as the co-precipitated phase. This suggests that 

the specific structural characteristics of the Ni3FeLDH/88A material may not be 

conducive to efficient utilization of light energy for catalytic processes when compared 

to the coprecipitated phase. For MIL-88A, which was also tested by UV, the results 

(Fig.V-8 b) showed that its Eg was larger than LDH, but it also had no absorption peaks 

in visible light, and therefore no photocatalytic ability. 

 

V.2.5. Kinetic study 

In the investigated cases, the degradation of BPA was fitted by the pseudo-first-

order kinetics, which can be expressed by the equation: 

ln(Ct/C0) = -kt 

Here, Ct represents the pollutant concentration (mmol/L) at time t, C0 is the initial 

concentration of the pollutant, k denotes the apparent rate constant (min-1), and t 

signifies the reaction time (min). This equation illustrates the logarithmic relationship 

between the concentration of the pollutant at any given time and its initial concentration, 

with the rate constant determining the degradation rate over time [417]. Since there was 

no adsorption of BPA by the catalysts, the kinetics of adsorption were not considered, 

and the degradation kinetics solely relied on the catalytic oxidation reaction. Therefore, 

the observed degradation followed a pseudo-first-order reaction, indicating that the rate 

of degradation was primarily governed by the catalytic activity of the materials rather 

than any adsorption processes. 

 

The kinetic results of BPA degradation catalysed by Ni3FeLDH/88A, 

Ni3FeLDH/COP, and MIL-88A are presented in Fig.V-9. The fitting results suggest 

that the kinetic data for all three substances align well with the pseudo-primary model. 
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The calculated k-values are 0.017 min−1 (R2 = 0.908) for MIL-88A, 0.081 min−1 (R2 = 

0.975) for Ni3FeLDH/COP, and 0.153 min-1 (R2 = 0.999) for Ni3FeLDH/88A, 

respectively. Notably, the reaction rate constant of Ni3FeLDH/88A significantly 

surpasses those of Ni3FeLDH/COP and MIL-88A, and even exceeds those of other 

LDHs utilized in the catalytic degradation of BPA. This underscores the superior 

catalytic performance of Ni3FeLDH/88A in promoting the degradation of BPA 

compared to the other tested materials [418-420]. 

 

 

Fig.V-9 Kinetic results of catalytic degradation of BPA by Ni3FeLDH/88A, 

Ni3FeLDH/COP and MIL-88A. 

 

V.2.6. recycle experiment 

The reusability and stability of catalysts are pivotal in their practical 

implementation within Advanced Oxidation Process (AOP) technology. Sequential 

experiments are conducted to evaluate the reusability and stability of Ni3FeLDH/88A 

for degrading BPA. After each reaction cycle, Ni3FeLDH/88A is recovered from the 

reaction solution via filtration and undergoes multiple washes with ultrapure water and 

ethanol to eliminate surface-bound contaminants. The experimental findings, illustrated 

in Fig.V-10, demonstrate promising results. Over three cycles, complete degradation of 

BPA was achieved. Notably, the first two cycles achieved complete degradation within 
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a brief 30 min, while the third cycle required 60 min, still maintaining 100% 

degradation efficiency. This phenomenon may be attributed to a decrease in the surface 

active metal site or a loss of solids during dispersion and recovery, factors that could be 

readily addressed in scale-up processes. These observations strongly advocate for the 

multiple recoveries of Ni3FeLDH/88A, highlighting its potential for sustained 

performance within the process. 

 

 

Fig.V-10 Ni3FeLDH/88A degradation of BPA in cycling experiments (20 μM 

BPA, 0.5 mM PS, 0.2g/L Ni3FeLDH/88A, 50 mL H2O). 

 

V.2.7. catalytic mechanism exploration 

To examine the catalyst's behavior during the catalytic degradation of BPA, we 

compared the structural characteristics (XRD, FTIR, SEM) of LDH precursors and 

residues. The X-ray diffractograms of Ni3FeLDH/88A before and after the catalytic 

reaction are depicted in Fig. V-11 a. The inter-reticular distances (dhkl) and intensities 

of the (003), (006), (012), and (110) planes, characteristic of the LDH structure, showed 

minimal change after the catalytic reaction. This suggests an exceptionally high stability 

of the Ni3FeLDH/88A catalyst during the reaction. This conclusion is further supported 

by the SEM image (Fig. V-11 b). The rod-like structure of the catalytically reacted 

Ni3FeLDH/88A remained unchanged, as did the surface features of the lamellar 
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structure. 

 

To go deeper into the behavior of Ni3FeLDH/88A during catalytic degradation, 

we subjected Ni3FeLDH/88A to reaction with peroxodisulfate anion (S2O8
2−) to 

investigate if anion exchange of PS occurs during the catalytic reaction. Anion 

exchange was conducted in an aqueous solution with the same concentration and pH as 

the catalytic reaction, aiming to exclude the influence of BPA and its by-products on 

Ni3FeLDH/88A. The reacted Ni3FeLDH/88A was separated, washed with water-

ethanol-water, and then dried overnight in an oven at 60 °C. From the XRD data (Fig. 

V-11 a), a shift of the d003 towards lower 2θ values was observed, from 7.90 Å to 8.34 

Å. This indicates a modification of the chemical composition of the interlayer. X. 

Huang et al. reported a similar interlayer distance (8.0 Å) for an Mg3Al-S2O8
2− LDH 

phase obtained by anion exchange on the Mg3Al-NO3 precursor. However, considering 

the size of the anion, this interlayer gallery width appears rather low to accommodate 

such an anion. 

 

 

Fig.V-11 (a) XRD patterns of Ni3FeLDH/88A before and after catalysis and after 

reaction with S2O8
2− anion; (b) SEM images of Ni3FeLDH/88A after catalysis (1 

cycle). 

 

The FTIR spectra of Ni3FeLDH/88A compounds before and after the catalytic 

reaction are depicted in Fig. V-12 a. Initially, it is observed that the characteristic 

vibration bands (νas(-CO2
−) at 1566 cm−1 and νs(-CO2

−) at 1384 cm−1) of the fumarate 

anion, which was intercalated in the Ni3Fe-LDH during MIL88A conversion, decrease 

under catalytic reaction with persulfate. Furthermore, the spectrum after the reaction 
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exhibits three new distinct sharp peaks at 1117 cm−1, 1036 cm−1, and 619 cm−1, 

characteristic of ν3, ν1, and ν4 vibration bands of tetrahedral sulfate anions (Nakamoto, 

Infrared and Raman Spectra of Inorganic and Coordination Compounds). The spectra 

provide evidence for the absence of peroxodisulfate vibration bands (νas(-SO2
−) at 1278 

cm-1 and νs(-SO2
−) at 1036 cm−1) [421], as demonstrated by comparison with NaS2O8 

infrared spectra (Fig. V-12 b). This suggests that S2O8
2− decomposes during the reaction 

into SO4
2−, which subsequently reacts with Ni3FeLDH/88A. Surface adsorption and 

intercalation of SO4
2− are then involved. 

 

 

Fig.V-12 FTIR spectra of (a) Ni3FeLDH/88A before and after catalytic 

degradation of BPA and (b) before and after degradation of BPA by Ni3FeLDH/88A 

and Ni3FeLDH/88A after reaction with S2O8
2−. 

 

V.3. Catalytic reactivity of Ni3FeLDO/88A for the 

degradation of BPA and structural characterizations 

of LDH catalysts. 

V.3.1 Catalytic reactivity of Ni3FeLDO/88A for BPA degradation 

activated by PS 

In our study, Ni3FeLDO/88A-300 is obtained by calcining Ni3FeLDH/88A at 300 

°C in air for 2 h. For comparison, Ni3FeLDH/COP is also treated under the same 

conditions to obtain Ni3FeLDO/COP-300 (details in Chapter II). All four compounds 

619

* *

* *

Ni3FeLDH/88A before catalysis
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were utilized to catalyze the degradation of bisphenol A by PS (Fig.V-13). The results 

indicate that the degradation efficiencies of the calcined materials surpass those of the 

uncalcined LDHs. The time required for complete catalytic degradation of BPA by 

Ni3FeLDO/COP-300 was only half of that by Ni3FeLDH/COP. Additionally, 

Ni3FeLDH/88A-300 reduces the time for fully catalyzed degradation to one-third. Even 

when compared to Ni3FeLDO/COP-300, Ni3FeLDH/88A-300 catalyzed the 

degradation of 90% of BPA in half the time, showcasing superior catalytic ability. 

Clearly, calcination of the LDH increases the number of surface active sites and 

enhances catalytic reactivity towards PS. It's worth noting that calcination above 200 

°C leads to partial dihydroxylation of the structure, as well as the formation of 

amorphous oxide (NiO) and mixed oxide (NiFe2O4, pre-spinel phase), that enhance the 

catalytic reactivity compare to pristine LDH. 

 

 

Fig.V-13 Catalytic degradation of BPA by PS-activated Ni3FeLDH/88A, 

Ni3FeLDH/88A-300, Ni3FeLDH/COP and Ni3FeLDH/COP-300 (20 μM BPA, 0.5 

mM PS, 0.2g/L catalysts, 50 mL H2O). 

 

To evaluate the reusability and stability of Ni3FeLDO/88A-300 for the degradation 

of bisphenol A, replicate experiments were conducted. After each reaction, 

Ni3FeLDO/88A-300 was recovered from the reaction solution using diafiltration and 

washed several times with ultrapure water and ethanol to remove surface-adsorbed 

contaminants. These results indicate that the rate of catalytic degradation of 
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Ni3FeLDO/88A-300 decreases over time, which implies that the reactivity gradually 

decreases with repeated use (Fig. V-14). This phenomenon may be attributed to the 

reduction of active sites and the weakening of the interaction between Ni3FeLDO/88A-

300 and PS due to the adsorption of organic pollutants on the surface of 

Ni3FeLDO/88A-300 and the covering of its active sites due to the adsorption of 

degradation by-products on the surface of Ni3FeLDO/88A-300, respectively. After 

three cycles of reuse, the BPA removal rate was still 100%. Therefore, the good 

catalytic efficiency, long-term stability and convenient recycling of Ni3FeLDO/88A-

300 catalysts show great advantages. 

 

 

Fig.V-14 Ni3FeLDO/88A-300 degradation of BPA in cycling experiments. 

 

V.3.2 Characterization of Ni3FeLDO/88A  

The valence states of the reacted Ni3FeLDO/88A were analysed using X-ray 

photoelectron spectroscopy (XPS) (Fig.V-15). The full-scan XPS spectra of 

Ni3FeLDO/88A exhibits binding energies at 169, 284, 530, 712, and 855 eV, attributed 

to S 1s, C 1s, O 1s, Fe 2p, and Ni 2p, respectively [422]. The O 1s spectrum of 

Ni3FeLDO/88A can be decomposed into three peaks at 529.93, 531.50, and 532.09 eV, 

corresponding to metal-oxygen bonding (Ni-O and Fe-O), oxygen vacancies (Ov), and 

water molecules adsorbed on the surface in metal oxides, respectively [423, 424]. The 
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peak in Ov is associated with a high degree of distortion caused by in situ partial 

reduction [425]. The Ni 2p spectrum was fitted to six peaks. The peaks at 854.70 and 

872.05 eV are attributed to Ni2+, while the peaks at 856.24 and 873.31 eV should be 

attributed to Ni3+. Additionally, there are two oscillating satellite peaks (denoted as sat.) 

at 861.73 and 879.86 eV. Compared with the material before catalysis, the proportion 

of Ni3+ increased to 24.22%, indicating that some of the divalent iron was oxidized after 

degradation. This is consistent with the reduction, i.e., the presence of Fe2+. The high-

resolution XPS spectra of Fe 2p show two peaks at 710.13 and 723.66 eV for Fe2+ and 

two peaks at 711.79 and 725.25 eV for Fe3+. The content of Fe in the different valence 

states mentioned above was 48.50% for Fe2+ and 39.02% for Fe3%, respectively [426, 

427]. This indirectly suggests that nickel may play a major role in the Ni3FeLDO/88A 

catalytic process. 

 

 

Fig.V-15 XPS of Ni3FeLDO/88A after catalytic degradation of BPA 

 

During the catalytic decomposition of PS, the sample surface was characterized in 

by FTIR (Fig.V-16). The peak observed at 1650 cm−1 is attributed to the bending 

vibrations of the interlayer water molecules. The absorption peak at 1120 cm−1 

corresponds to the asymmetric stretching vibration of the 3(SO4) bond of SO4
2− anion 
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generated by the decomposition of PS [409]. The vibrational bands at 3390-3420 cm−1 

are then attributed to the stretching vibrations of the hydrogen bonds in the surface -OH 

groups. The OH bond of Ni3FeLDO/88A shifts left from 3437 to 3426 and 3422 cm−1 

after the reaction. This result, together with the S-O bond, suggests the interaction 

between PS and Ni3FeLDO/88A [428]. Furthermore, the FTIR spectra of 

Ni3FeLDO/88A residue after the catalytic reaction exhibit a series of sharp bands in the 

range of 1250-1700 cm−1. Some of these bands correspond to the vibration bands of 

BPA [429]. However, kinetic experiments show no adsorption of BPA on 

Ni3FeLDO/88A. Therefore, these bands are attributed to the adsorption of the oxidized 

form of BPA generated from the catalytic degradation reaction. Presence of bands 

pointed at 1691 cm−1 could be in agreement with the formation of benzoquinone, 

already suggested by Ullah Ramzan et al. [429] reported for the in situ study of 

photodegradation of BPA by TiO2. 

 

 

Fig.V-16 FTIR of Ni3FeLDO/88A after catalysis degradation of BPA. 

 

The XRD results of LDO (Fig. V-17 a) after the reaction showed no significant 

changes compared to before the reaction, indicating that its crystalline structure 

remained unchanged after catalytic degradation. The pattern observed is consistent with 

a mixture of NiO and NiFe2O4. The broad peak observed at 20-25° (2theta) is attributed 

3(SO4)

BPAox
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to the diffraction by amorphous nanoparticles of mixed oxides. This finding is also 

supported by the SEM results (Fig. V-17 b), which revealed that despite one and three 

rounds of catalytic degradation, there were no noticeable alterations in the structure of 

LDO. However, small particle aggregates were observed on the surface. 

 

 

Fig.V-17 XRD and SEM of Ni3FeLDO/88A after catalysis degradation of BPA. 

 

V.4. Conclusion 

In this chapter, we investigated the performance of catalyst-activated PS for the 

oxidative degradation of BPA. The catalysts, derived from Ni3FeLDH/88A and 

Ni3FeLDO/88A introduced in Chapter 2, were synthesized using MIL-88A as a 

precursor. Our focus was on exploring various factors influencing BPA degradation and 

understanding the activation mechanism of PS. Additionally, we compared the catalytic 

degradation efficiency of Ni3FeLDH/88A with co-precipitated Ni3FeLDH/COP. 

Our conclusions are as follows: 

1. The catalytic degradation efficiency of Ni3FeLDH/88A is positively correlated 

with its concentration: higher concentrations lead to faster degradation rates. 

The addition of PS also influences catalytic efficiency. Initially, catalytic 

efficiency increases with PS addition, but then reaches a plateau. This behaviour 

is attributed to the competition between PS and bisphenol A in the consumption 

of SO4
• −. 

2. Ni3FeLDH/88A exhibits significantly enhanced catalytic activity compared to 

its precursor MIL-88A, which has no catalytic degradation ability. Moreover, 
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Ni3FeLDH/88A outperforms conventional co-precipitated Ni3FeLDH/COP. 

BPA degradation by PS catalyzed by these substances follows a pseudo-first-

order kinetic model. Notably, the rate constant of Ni3FeLDH/88A (0.153 min−1) 

exceeds that of the other substances. Light does not influence the catalytic 

process. 

3. Recycling and regeneration experiments with Ni3FeLDH/88A 

demonstrate its recyclability. However, the catalytic degradation time increases 

due to the accumulation of by-products covering the material's active sites 

during BPA degradation. 

4. Calcined Ni3FeLDH/88A-300 exhibits superior catalytic degradation 

efficiency for BPA compared to Ni3FeLDH/88A and Ni3FeLDH/COP-300 

obtained via co-precipitation calcination. It also demonstrates recycling 

properties. Notably, the structure of Ni3FeLDH/88A-300 remains unchanged 

before and after catalytic BPA degradation, indicating stability. 
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VI.Conclusion and perspectives 

 

The primary objective of this study is to prepare layered double hydroxides derived 

from metal-organic frameworks. Specifically, the focus is on the NixFe/88A materials 

obtained through the transformation of MIL-88A (iron) via urea hydrolysis with Ni2+ 

ionization in controlled alkaline conditions. The aim is to explore the transformation 

mechanism and the potential application of these materials in removing organic and 

inorganic pollutants from water. To achieve this objective, several approaches were 

employed, including microwave synthesis of various MOFs and their conversion to 

LDHs, investigation of LDH-catalyzed degradation of BPA, and synthesis and 

application of LDH-based heavy metal adsorbents. 

 

MIL-88A is synthesized using a novel method to improve efficiency. Traditional 

hydrothermal synthesis typically demands over 6 hours of reaction time. In contrast, 

microwave-assisted precipitation offers a more efficient alternative for MIL-88A 

synthesis. The study investigates optimal synthesis conditions for this approach. Results 

indicate that MIL-88A synthesized via the microwave method exhibits a more 

homogeneous microstructure and enhanced crystalline stability compared to 

conventionally synthesized counterparts. 

A novel method has been developed for the conversion of Metal-Organic 

Frameworks (MOFs) into new 3D Layered Double Hydroxide (LDH) structures. 

Mesoporous NixFe LDHs are prepared by converting MIL-88A(Fe), serving as a 

sacrificial "template" structure. This conversion involves reacting nickel nitrate in a 

basic medium, with pH controlled by urea decomposition. The 

hydrolysis/nucleation/growth steps occur predominantly on the surface of the MOF, 

leading to the intergrowth of NixFe LDH nanoplates (LDH/88A) while retaining the 

initial 3D rod-like structure of MIL-88A. The reaction is conducted in a microwave 

reactor, and its optimal conditions are investigated. 

Additionally, other MOF/LDH conversion reactions have been explored to create 

new mesoporous 3D LDH structures with diverse compositions and morphologies. The 

effects of various ligands and metal cations on these reactions have been studied. 

Microwave syntheses of MOFs such as MIL-101(Fe) and MIL-88(Al), which are 
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analogous to MIL-88A(Fe) with modifications in ligands, have been optimized. 

Furthermore, conditions for their conversion into NiFe-LDH and NiAl-LDHs have been 

investigated. 

Moreover, the reactivity of MIL-88A (Fe) with Co (II), Al (III), and Mg (II) salts 

has been examined, revealing conversion results highly sensitive to the nature of the 

metal and the medium conditions, particularly pH. 

 To enhance heavy metal adsorption capabilities, the new 3D LDH structures have 

been modified by incorporating phosphate anions, known for their reactivity towards 

heavy metals. The adsorption performance of heavy metals (Pb (II), Cd (II), Ni (II)) by 

NixFeLDH/88A-PO4 (x=3,5) is investigated and compared with precursors 

NixFeLDH/88A-Cl (x=3,5), coprecipitated phases NixFeLDH/COP-PO4 (x=2,3), and 

MIL-88A (Fe). 

The results demonstrate that the Ni3Fe/88A-PO4 compound exhibits one of the highest 

Pb (II) adsorption capacities (538 mg/g) reported in the literature, surpassing those of 

coprecipitated phases. The adsorption process aligns with the pseudo-second-order 

kinetic model and the Langmuir adsorption thermodynamic model. Structural analysis 

of residues post-adsorption (via XRD, FTIR, XPS) reveals the nucleation and 

precipitation of Pb(OH)2 and Pb3(PO4)2 phases on the LDH rod surface. 

 

NixFe/88A and their calcined derivatives have demonstrated strong catalytic 

reactivity for the degradation of organic pollutants, particularly bisphenol A (BPA) 

activated by peroxydisulfate. Experimental conditions have been optimized to achieve 

the best efficiency. The mesoporous NixFeLDH/88A-S2O8
2− coupling promotes very 

rapid BPA degradation kinetics (a few minutes), more effective than coprecipitated 

analogues. These new catalysts are stable and recyclable. 

 

LDHs derived from MOFs with three-dimensional structures give them more 

attractive properties than LDHs prepared by conventional methods: (i) LDHs grown on 

porous templates can expose more active sites; (ii) dispersed and homogeneous growth 

avoids stacking and aggregation problems of layered LDHs; and (iii) LDHs with a core-

shell or hollow structure have a greater mass-transfer advantage. These unique features 

open new doors for the development of novel materials in the energy and environmental 
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fields. Therefore, by combining the advantages of LDHs, the development of MOF-

derived LDHs for applications in water decomposition, supercapacitors, environmental 

remediation, sensors, and other fields can be continued. 

 

This initial exploratory study of the conversion of MOF structures into LDHs needs 

further investigation to gain a deeper understanding of the role played by the nature of 

the MOF (Metal-Ligand) systems and reactive metal cations (M2+, M3+) in the 

formation mechanisms of new 3D nanostructured LDH phases. More comprehensive 

characterization of surface properties will enable us to evaluate the nature of reactive 

sites in terms of both adsorption properties and the catalytic degradation properties of 

organic pollutants. The promising results achieved for the adsorption of Pb2+ by LDH 

phases derived from MIL-88A should be reproducible for other heavy metal pollutants 

as well. 
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Annexes 

A.1. Experimental section 

A.1.1. Chemicals 

Chapter II: 

Ferric nitrate nonahydrate (Fe(NO3)3·9 H2O), nickel nitrate hexahydrate 

(Ni(NO3)2·6 H2O), urea (CO(NH2)2), fumaric acid (HOOC-CH=CH-COOH), sodium 

hydroxide (NaOH) all from Aladdin Scientific. 

 

Chapter III: 

Ferric chloride hexahydrate (FeCl3·6 H2O), aluminum sulfate dodecahydrate 

(Al(SO4)3·12 H2O), magnesium nitrate (Mg(NO3)2), terephthalic acid (H2BDC), Cobalt 

nitrate hexahydrate (Co(NO3)2·6 H2O) all from Aladdin Scientific. 

 

Chapter IV: 

Sodium hydroxide (NaOH), nitric acid (HNO3), sodium chloride (NaCl), 

dipotassium hydrogen phosphate (K2HPO4) all from Aladdin Scientific. 

 

Chapter V: 

 Bisphenol A (BPA), ≥ 99%, Sigma-Aldrich, Chloroform, For HPLC, Carlo Erba. 

sodium persulfate (PS) from Aladdin Scientific.  

 

A1.2. Synthesis  

Chapter II:  

Synthesis of MIL-88A by microwave: 0.195 mmol Fe(NO3)3·9 H2O and 0.06 mmol 

fumaric acid are ultrasonically dissolved in 2 mL and 13 mL of ultrapure water, 

respectively. After mixing the above two solutions with stirring, the resulting solution 

is transferred to a microwave reactor heated 30 min at 110 °C. After centrifugation and 

separation, the precipitate is washed three times each with water and ethanol and 

transferred to an oven at 60 °C to dry overnight to obtain MIL-88A. 

 



188 

 

 

Fig.A-1 Schematic illustration of synthesis of MIL-88A [232]. 

 

Synthesis of MIL-88A by hydrothermal method: 69.6 mg (0.6 mmol) fumaric acid 

ultrasonic is dissolved in 13mL deionized water and 262.6 mg (0.65 mmol) 

Fe(NO3)3·6H2O is dissolved 2mL of deionized water by stirring at room temperature. 

Then mix them to form a clear yellow solution, the mixed solution was transferred into 

Teflon stainless steel reactor. [229]. The product is separated by centrifugation and 

washed three times with ultrapure water and ethanol, respectively, before being dried 

in an oven at 60 ℃ overnight. 

 

Synthesis of NiFe-LDH/88A. Then, 50 mg of MIL-88A is dispersed in 4 mL of 

ethanol (solution A). 150 mg of Ni(NO3)3∙6H2O and 100 mg of urea are dissolved in 6 

ml of deionized water (solution B). Then, solutions A and B are mixed and stirred at 

room temperature (solution C). Finally, solution C is placed in a microwave reactor and 

heated at 110 °C for 1 h. The product is washed three times with deionized water and 

ethanol by centrifugation and then dried at 60 °C overnight to obtain Ni3FeLDH/88A-

NO3[168]. 

 

Synthesis Ni3FeLDH/COP by coprecipitation method: 0.1 M ferric nitrate and 0.3 

M nickel nitrate are dissolved in 100 mL of water (solution A), 1 M sodium hydroxide 

and 0.05 M sodium hydroxide are dissolved in 50 mL of water (solution B), solution A 

and solution B are mixed slowly under nitrogen atmosphere with continuous stirring 

with a magnetic stirrer and maintaining a pH of 10. Stirring is continued overnight after 

consumption of the salt solution. The resulting sample is centrifuged and washed with 

ultrapure water until the pH is unchanged and transferred to an oven at 40 °C for one 

day. 
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ChapterIII: 

Convert MIL-88A to MgFe-LDH: Similar to the conversion to NiFe-LDH/88A, 

nickel was replaced with magnesium under the same conditions, specifically: 50 mg 

MIL-88A was dispersed in 4 mL of ethanol (solution A), 0.6 mmol (132 mg) of 

Mg(NO3)2·6 H2O and 100 mg of urea were dissolved in 6 mL of deionized water 

(solution B). Then, solution A and solution B were mixed via stirring at room 

temperature (solution C). At last, the solution C was heated at different temperature for 

different time by microwave without stirring [164]. 

 

Convert MIL-88A to CoNiFeLDH: 50 mg MIL-88A was dispersed in 4mL of 

ethanol (solution A). Different ratio of Co(NO3)2·6 H2O and Ni (NO3)2·6 H2O and 100 

mg of urea were dissolved in 6 mL of deionized water (solution B). The total molar 

amount of cobalt and nickel to the molar ratio of iron is 3. Solution A and solution B 

were mixed via stirring at room temperature (solution C). At last, the solution C was 

heated at 100 ℃for 60 min by microwave without stirring [164]. 

 

Convert MIL-88A to NiAlFe-LDH: 50 mg MIL-88A(Fe) dispersed in 4 mL EtOH 

(solution A), and100mg urea and different ratio of Ni/Al dissolved in 6mL H2O 

(solution B), the ratio of total amount of Ni/Al and Fe is 3. Solution A and B are mixed 

and heated 110 ℃ for 60 min.    

 

Synthesis of Al-FA: 3.71g Al2(SO4)3·18H2O was added to 15.9 mL of water and 

heated to 60℃ for 5min by microwave (solution A). 0.95 g NaOH and 1.29 g fumaric 

acid are dissolved in 19.1 mL water (solution B). Solution A is added into solution B 

and the mixture is heated in microwave at 60 ℃ for 10 min by stirring [287]. The 

product is collected by centrifuge and washed by water for 3 times.  

 

Convert Al-Fu to NiAlLDH/FA. The conversion was first explored as follows: 50 

mg Al-FA was dispersed in 4 mL of H2O (solution A). 0.06 mmol (150 mg) 

Ni(NO3)2·6H2O and 100 mg of urea were dissolved in 6 mL of ethanol (solution B). 

Then, solution A and solution B were mixed via stirring at room temperature (solution 

C). At last, the solution C was heated at different 60 ℃, 80 ℃, 110 ℃, 130 ℃ and 150 

℃ for 30 min by microwave without stirring. 
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Synthesis of Al-Fu-comp: 50 mg Al-Fu-comp was dispersed in 4 mL of H2O 

(solution A). 0.06 mmol (150mg) Ni(NO3)2·6H2O and 100 mg of urea were dissolved 

in 6 mL of ethanol (solution B). Then, solution A and solution B were mixed via stirring 

at room temperature and then heated at 150 ℃ for 30 min by microwave without 

stirring. 

 

Synthesis of MIL-101 by hydrothermal method: 2.48 mmol FeCl3·6H2O and 1.24 

mmol H2BDC were added to 20 mL DMF and mixture was stirred by magnetic stirrer. 

Then the homogenous dissolved solution was heated 110 °C for 20 h in a Teflon reactor. 

Then the first product was purified by washing hot DMF (70 °C, 15 min) several times. 

The purified light orange product was dried in a vacuum oven at 60 °C overnight [293]. 

 

Synthesis of MIL-101 by Microwave method: 4.96 mmol (1.3406 g) FeCl3·6H2O 

and 2.48 mmol (0.412 g) H2BDC dissolve in 40 ml DMF, Stir until completely 

dissolved, resulting in a bright yellow transparent solution. Microwave the solution to 

110 °C for 30 min. Wash twice with DMF and twice with ethanol and place overnight 

in a 60 °C oven. 

 

Synthesis of Al-BDC: 3.1 mmol AlCl3·6H2O dissolved in 5ml H2O (solution A), 

and 3.1 mmol H2BDC dissolved in 5ml DMF (solution B), respectively. Solutions A 

and B were thoroughly mixed and then placed in microwave heated at 150 ℃ for 60 

min. The white solid was collected by centrifugation, washed three times with deionized 

water and ethanol, respectively, and baked in an oven at 60 ℃ [306]. 

 

Chapter IV: 

Synthesis of NixFeLDH/COP-Cl (x = 2, 3) and NixFeLDH/88A-Cl (x = 3, 5): 2.0 

g of LDH (Ni3FeLDH/88A-NO3, Ni5FeLDH/88A-NO3, Ni2FeLDH/COP-NO3 and 

Ni3FeLDH/COP-NO3) are homogeneously dispersed in 100 mL of 0.05 M NaCl 

solution, at a pH adjusted to 7.0, stirred overnight in nitrogen atmosphere, centrifuged 

and separated, then washed with ultrapure water until the pH was unchanged, and dried 

into an oven at 60 °C for 24 h, leading to the as-prepared LDH-Cl.   

 

Synthesis of NixFeLDH/88A-PO4 (x =3, 5) and NixFeLDH/COP-PO4 (x = 2, 3): 

1.7 g LDH-Cl (Ni3FeLDH/88A-Cl, Ni5FeLDH/88A-Cl, Ni2FeLDH/COP-Cl, 
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Ni3FeLDH/COP-Cl) are homogeneously dispersed in 100 mL of 0.095 M of potassium 

dihydrogen phosphate (K2HPO4) solution, at a pH adjusted to 7.0, stirred overnight in 

a nitrogen atmosphere. The Ni3FeLDH/88A-PO4, Ni5FeLDH/88A-PO4, 

Ni2FeLDH/COP-PO4, Ni3FeLDH/COP-PO4 materials were recovered after 

centrifugation and separation, washing with deionized water until the pH is unchanged, 

and dried in an oven at 40 °C for 24 h. These phosphates loaded LDH sorbents will be 

abbreviated as LDH-PO4 for simplifying. 

 

A1.3. Instrumentation 

Powder X-ray diffraction patterns were recorded with a Philips X’Pert automated 

X-ray diffractometer using CuKα radiation (λ = 0.154051 nm), over the 2-70◦ (2θ).  

 

FTIR spectra were recorded with a Nicolet 5700 spectrometer from Thermo 

Electron Corporation using the KBr pellet technique.  

 

The metallic composition of LDH was determined using inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES Agilent 5800). Priori analysis, the 

samples were mineralized by dispersion in 6 mL of HNO3 (69%) and 2 mL of HCl 

(37%) and heating at 230 °C for 1 h using microwave irradiation (Anton-Paar 

Multiwave 5000). CHNS contents in the hybrid materials were measured using a 

Thermo Scientific CHNS/O FlashSmart.   

 

The morphologies of the powders mounted on conductive carbon adhesive tabs 

and the films deposited on GCE or CPE were investigated by scanning electron 

microscopy (SEM) using a Zeiss Supra 55 FEG-VP Field-Emission Scanning Electron 

Microscope operating at 3 kV. Transmission electron microscopy (TEM) images were 

taken using a microscope JEOL 2100 operating at an acceleration voltage of 200 kV. A 

suspension of 5 mg/mL was prepared and stirred overnight, followed by a deposition 

of a droplet on copper grid and left to dry at room temperature. 

 

FeTSPP in solution and intercalated in the LDH were characterized by UV-Vis 

using Shimadzu v-2400 spectrophotometer. Thin films of ZnCr-FeTSPP and Zn-

FeTSPP, prepared on ITO glass plates following the same procedure as used to prepare 
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thin films on GCE and CPE, were analysed by transmittance under dried conditions and 

in the presence of electrolyte solutions. 

 

X-ray photoelectron spectroscopy (XPS) measurements were performed in an 

ultrahigh vacuum photoelectron spectrometer equipped with an Omicron DAR 400 X-

ray source and an Omicron EA 125 hemispherical analyzer. The Mg Kα source (1253.6 

eV) running at 300 W is separated from the analyzer by an angle of 55°. A medium 

magnification mode and constant pass energy of the analyzer equal to 20 eV were used 

for analysis. Photoelectron data were recorded at a take-off angle of 90° (normal 

detection). 

 

A.1.4 Pb2+ adsorption experiments  

A.1.4-1 Models for kinetic experiments. 

Adsorption kinetic curves were fitted using the various mathematical models 

available, the pseudo-first-order model [344] (eq. 1), the pseudo-second-order model 

[345] (eq. 2), and the intraparticle diffusion model [346] (eq. 3) expressed as follows: 

 

Pseudo-first-order model Pseudo-second-order model Intraparticle diffusion model 

ln(qe-qt) = lnqe-k1t (eq. 1) 
t

qt

=
1

k2 qe
2
 + 

t

qe

 (eq. 2) qt = ki∙t
0.5+ C (eq. 3) 

where qe (mg∙g-1) and qt (mg/g) are the amounts of Pb2+ at equilibrium and at time 

t (h), respectively, and k1 (h
−1) and k2 (g mg−1 h−1) and are the rate constants of the 

pseudo-first-order and pseudo-second-order adsorption models, and ki (mg g−1 h0.5) is 

the rate constant for intra-particle diffusion and C (mg/g) reflects the thickness of the 

boundary layer, respectively. 

 

A.1.4-2 Models for adsorption isotherm experiments. 

The isotherms are fitted with the commonly used Langmuir (eq. 1) and Freundlich (eq. 

2) models using respectively the following equations (Kalam et al., 2021): 

Ce

q
e

=
1

KLq
m

+
Ce

q
m

   (eq. 1) 

where qm = maximum amount of adsorbed species (mg/g) and KL is the Langmuir 

constant (L/mg) and RL =
1

 1+KLC0
 = separation factor or equilibrium factor. When RL < 
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1 adsorption is favourable, when RL = 0 adsorption is irreversible, when RL = 1 

adsorption is linear, when RL > 1 adsorption is unfavourable. 

ln q
e
=ln KF+ 

1

n
ln Ce       (eq. 2) 

where KF = adsorption capacity (L/mg) and 1/n = adsorption intensity or surface 

heterogeneity. When 0 < 1/n < 1 adsorption is favourable; when 1/n > 1 adsorption is 

unfavourable, when 1/n = 1 adsorption is irreversible. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 



194 

 

 

Abstract 

New mesoporous Layered Double Hydroxide materials with 3D assemblies and 

morphologies have been prepared through microwave-assisted topotactic conversion of 

"Metal Organic Frameworks" (MOFs) structures (MIL-88A, MIL-101). Syntheses have 

been optimized. The study focused on the NixFe/88A material obtained from the 

conversion of MIL-88A(Fe) by reaction of Ni2+ ions in a controlled basic medium using 

urea decomposition. The obtained morphologies are mesoporous 3D rod-like structures 

formed by the intergrowth of NixFe/88A-X (X = NO-, Cl-, PO4
3-) LDH nanoplates. A 

comprehensive study on heavy metal adsorption properties showed that nanostructured 

NixFe/88A-PO4 materials exhibit excellent adsorption capacities for Pb(II) (Cd(II), and 

Ni(II)), by surface nucleation/precipitation of Pb(OH)2 and Pb3(PO4)2. In parallel, these 

new NixFe/88A-X materials and their calcined derivatives have been studied for their 

catalytic properties in activating peroxydisulfate for the degradation of organic 

pollutants, particularly bisphenol A. 

 

Résumé 

De nouveaux matériaux Hydroxides Doubles Lamellaires mésoporeux présentant des 

assemblages 3D à morphologies 3D ont été préparés par conversion topotactique, 

assistée par micro-ondes, de structures de type « Metal Organic Framewors », MOFs 

(MIL-88A, MIL-101). Les synthèses ont été optimisées. L’étude s’est focalisée sur le 

matériau NixFe/88A provenant de la conversion du MIL-88A(Fe) par réaction des ions 

Ni2+ en milieu basique contrôlé par décomposition de l’urée. Les morphologies 

obtenues sont 3D mésoporeuses, sous forme de bâtonnet, formées par l’intercroissance 

de nanoplaquettes d’HDL NixFe/88A-X (X = NO3
-, Cl-, PO4

3-). Une étude approfondie 

sur les propriétés d’adsorption de métaux lourds a montré que les matériaux 

nanostructurés NixFe/88A-PO4 présentent d’excellentes capacités d’adsorption de 

Pb(II) (Cd(II) et Ni(II)), par nucléation/précipitation en surface de Pb(OH)2 et 

Pb3(PO4)2. En parallèle, ces nouveaux matériaux NixFe/88A-X et leurs dérivés calcinés 

ont été étudiés pour leur propriétés catalytiques d’activation de peroxodisulfate pour le 

dégradation de polluants organiques et du bisphénol A en particulier. 
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La fabrication de matériaux fonctionnels est depuis longtemps reconnue comme 

un sujet central dans les domaines de l'énergie et de l'environnement. La composition, 

la morphologie et la structure des matériaux leur confèrent un large éventail de 

propriétés pour répondre aux besoins des applications visées. En particulier, les 

structures métallo-organiques (MOF), qui ont un réseau périodique avec des groupes 

organiques et des centres métalliques comme noeuds, deviennent une alternative aux 

matériaux conventionnels en raison de leur supériorité polyvalente. Fondamentalement, 

la grande surface et la structure complexe des pores favorisent le contact des MOF avec 

les substances dans la plupart des systèmes. La spécificité des tâches peut être obtenue 

grâce à leur structure facilement ajustable. La conversion sacrificielle en nouveaux 

matériaux est envisager pour conserver les propriétés morphologiques des précurseurs 

MOFs, tandis que les traitements chimiques/thermiques leur confèrent des propriétés 

plus variées. Beaucoup d'efforts ont été investis dans la construction d'oxydes et de 

carbures métalliques ou de leurs composites par traitement thermique de MOF. En fin 

de compte, le réseau organique fragile est transformé en une matrice de carbone plus 

robuste, plus résistante aux produits chimiques, aux courants, aux acides et aux bases. 

En tant que catalyseurs pour les applications énergétiques et environnementales, ils 

offrent de grandes possibilités et de nombreuses percées. Cependant, certaines 

propriétés morphologiques et structurelles sont perdues lorsque la structure se rétrécit 

au cours de la conversion thermique. En outre, il existe un risque d'agrégation des 

nœuds métalliques dispersés périodiquement, ce qui entrave la fabrication de 

catalyseurs métalliques dispersés de manière atomique. Il a été constaté que les 

hydroxydes métalliques cultivés à partir de modèles de MOFs peuvent être régulés 

chimiquement afin d'éviter les dommages similaires à ceux de la pyrolyse. Des 

hydroxydes dérivés de MOFs bien définis peuvent être générés à partir de nœuds 

métalliques convertis in situ en choisissant judicieusement la température de réaction, 

le temps et les conditions de synthèse. 

 

Les hydroxydes doubles lamellaires (HDL) sont composés de couches 

d'hydroxydes métalliques divalents et trivalents ainsi que d'anions dans les domaines 

inter-couches/inter-lamellaires, représentés par [M2+
1-xM

3+
x(OH)2][(A

n-)x/n.mH2O]. Les 

HDL sont également considérés comme un matériau optionnel dans de nombreux 

domaines en raison de ses propriétés de composition hautement réglables et de sa 



196 

 

structure stratifiée facile à appliquer. La grande surface spécifique, les sites métalliques 

hautement exposés et les groupes fonctionnels de surface permettent aux HDL 

d'exceller dans la catalyse et l'adsorption. La cavité intérieure du matériau double 

hydroxyde en couche creuse dérivé du MOF augmente non seulement la capacité de 

chargement du matériau actif et désobstrue la voie de diffusion, mais fournit également 

un espace tampon pour l'expansion du volume du matériau actif, ce qui est propice à 

l'utilisation durable du matériau actif, améliorant ainsi efficacement la stabilité globale 

du matériau actif. 

 

D'autre part, avec les progrès continus de l'industrialisation, une grande quantité 

d'eaux usées industrielles contenant une variété de composés inorganiques et 

organiques a été générée, ce qui a entraîné une pollution de plus en plus grave des eaux 

de surface et des eaux souterraines, donnant lieu à de graves problèmes 

environnementaux et à une inquiétude généralisée. Bien que la plupart de ces polluants 

soient présents en faibles concentrations dans les eaux usées, ils constituent une menace 

pour les organismes aquatiques et donc pour la santé humaine en raison de leur 

importante bioaccumulation, de leurs propriétés environnementales très persistantes, de 

leur toxicité potentielle pour l'homme et de leur innocuité écologique . Par exemple, le 

bisphénol A (BPA), qui est utilisé dans la fabrication de résines époxy et de plastiques, 

est soupçonné d'être un perturbateur endocrinien qui affecte négativement le système 

immunitaire humain et les glandes mammaires à des concentrations inférieures aux 

niveaux critiques de toxicité. De même, divers métaux lourds tels que Ba (II), Zn (II), 

Hg (II), Co (II), Cr (III), Pb (II), Fe (III) et Cd (II) sont généralement toxiques, non 

dégradables et ne peuvent pas se polymériser efficacement en unités 

macromoléculaires, ce qui exacerbe le problème de l'élimination. Parmi ces métaux 

lourds toxiques, les déchets de plomb (Pb (II)) sont les plus préoccupants. Le Pb (II) est 

une neurotoxine chronique très toxique, non biodégradable, persistante dans 

l'environnement et associée à de nombreux problèmes cardiovasculaires et rénaux, qui 

pénètre dans les systèmes d'eau à partir de différentes activités industrielles. Il est donc 

urgent de s'attaquer aux polluants susmentionnés. 

 

L'objectif principal de ce travail est la préparation d'hydroxydes doubles 

lamellaires dérivés de structures MOFs. L'étude se concentre sur les matériaux 

NixFe/88A obtenus en transformant MIL-88A (fer) par hydrolyse de l’urée avec 
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ionisation Ni2+ dans des milieux alcalins contrôlés, en explorant le mécanisme de 

transformation et leur application dans l'élimination des polluants 

organiques/inorganiques de l'eau. Pour atteindre cet objectif, les approches suivantes 

ont été utilisées : synthèse par micro-ondes d'une variété de MOF et leur conversion en 

LDH, étude de la dégradation du BPA catalysée par la LDH, et synthèse et application 

d'adsorbants de métaux lourds à base de LDH. 

 

Le MOF MIL-88A est synthétisé à l'aide d'une nouvelle méthode. Comme la 

synthèse hydrothermale du MIL-88A nécessite plus de 6 heures de réaction, la 

précipitation assistée par micro-ondes, plus efficace, est choisie pour synthétiser le 

MIL-88A, et les conditions optimales de synthèse sont étudiées. Les résultats montrent 

que la microstructure du MIL-88A synthétisé par la méthode des micro-ondes est plus 

homogène et que la forme cristalline est plus stable. 

 

Une nouvelle méthode est développée pour la conversion de MOF en tant que 

précurseur de nouvelles structures LDH 3D. Les LDH mésoporeux NixFe sont préparés 

en convertissant le MIL-88A (Fe), utilisé ici comme structure "modèle" sacrificielle, en 

faisant réagir le nitrate de nickel dans un milieu basique, dont le pH est contrôlé par la 

décomposition de l'urée. Les étapes d'hydrolyse/nucléation/croissance sont localisées à 

la surface du MOF et conduisent à l'intercroissance de nanoplaquettes NixFe LDH 

(LDH/88A), en conservant la structure initiale 3D en forme de tige du MIL-88A. La 

réaction est réalisée dans un réacteur à micro-ondes et ses conditions optimales sont 

étudiées. 

 

D'autres réactions de conversion MOF/LDH ont été explorées pour préparer de 

nouvelles structures LDH 3D mésoporeuses avec des compositions et des morphologies 

variées. Les effets des ligands et des cations métalliques ont été étudiés. Les synthèses 

par micro-ondes des MOF MIL-101(Fe), analogue au MIL-88A (Fe) (ligand fumarate 

remplacé par un benzenedicarboxylate), et MIL-88 (Al), analogue au MIL-88 (Fe), ont 

été optimisées, et les conditions de leur conversion en LDH NiFe et NiAl ont été 

étudiées. La réactivité de MIL-88A (Fe) avec les sels de Co (II), Al (III), et Mg (II) a 

été testée avec des résultats de conversion très sensibles à la nature du métal et aux 

conditions du milieu (pH). 
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Afin de développer de nouveaux matériaux plus efficaces pour l'adsorption des 

métaux lourds, les nouvelles structures 3D LDH ont été modifiées en insérant des 

anions phosphates, qui sont réactifs vis-à-vis des métaux lourds. L'adsorption de métaux 

lourds (Pb (II), Cd (II), Ni (II)) par Nix/88A-PO4 (x=3,5) est étudiée et comparée aux 

précurseurs NixFe/88A-Cl (x=3,5), aux phases coprécipitées NixFe/COP-PO4 (x=2,3) 

et MIL-88A (Fe). Les résultats montrent que le composé Ni3Fe/88A-PO4 présente l'une 

des capacités d'adsorption de Pb (II) les plus élevées (538 mg/g) jamais rapportées dans 

la littérature, supérieure à celle des phases coprécipitées. L'adsorption est compatible 

avec le modèle cinétique du pseudo-second ordre et le modèle thermodynamique 

d'adsorption de Langmuir. L'analyse structurelle des résidus après adsorption (XRD, 

FTIR, XPS) a révélé la nucléation et la précipitation des phases Pb(OH)2 et Pb3(PO4)2 

à la surface du barreau de LDH. 

 

Le NixFe/88A et ses dérivés calcinés ont démontré une forte réactivité catalytique 

pour la dégradation des polluants organiques, en particulier le bisphénol A (BPA) activé 

par le peroxodisulfate. Les conditions expérimentales ont été optimisées pour obtenir 

la meilleure efficacité. Le couplage HDL mésoporeux NixFe/88A-S2O8
2− favorise une 

cinétique de dégradation du BPA très rapide (quelques minutes), plus efficace que les 

analogues coprécipités. Ces nouveaux catalyseurs sont stables et recyclables. 

 

Les HDL dérivés de MOF à structure tridimensionnelle leur confèrent des 

propriétés plus intéressantes que les LDH préparés par des méthodes conventionnelles 

: (i) les LDH cultivés sur des modèles poreux peuvent exposer davantage de sites actifs 

; (ii) la croissance dispersée et homogène évite les problèmes d'empilement et 

d'agrégation des HDL en couches ; et (iii) les HDL avec une structure cœur-coquille ou 

creuse présentent un plus grand avantage en termes de transfert de masse. Ces 

caractéristiques uniques ouvrent de nouvelles portes pour le développement de 

nouveaux matériaux dans les domaines de l'énergie et de l'environnement. Par 

conséquent, en combinant les avantages des HDL, le développement de HDL dérivés 

de MOF pour des applications dans la décomposition de l'eau, les supercondensateurs, 

l'assainissement de l'environnement, les capteurs et d'autres domaines peut être 

poursuivi. 
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