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Exchange reactions of anions, especially ferrocyanide and carbonate, with layered

double hydroxides (LDHs), were investigated in relation to the origin of life on the early

Earth. The effect on ferrocyanide exchange of concentration, pH, reaction time and cations

are discussed.

It was found that there were two different kinds of ferrocyanide species: one was that

intercalated into the layered structure, occupying a site of D3d symmetry within the LDHs,

while in the other, the ferrocyanide group retains full 0 h symmetry. In addition, very low

concentration, ferrocyanide associated with LDH will change its FTIR absorption shape.

Carbonate was much more strongly intercalated than ferrocyanide into the LDHs, probably

because of strong hydrogen bonding.
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CHAPTER ONE

INTRODUCTION

This thesis is mainly about the properties of layered double hydroxides

intercalated by carbonate, chloride and ferrocyanide anions, and their related exchange

activity. The specific characteristics of intercalated ferrocyanide and carbonate species,

and the competition between them, are also discussed.

1.1 Properties of Layered Double Hydroxides (LDHs)

1.1.1 Basic Description

The Layered Double Hydroxides (LDHs) (1), with the general formula of [M"(1X)

MMX(OH)2J[An],.- zH2O, are a family of widely distributed anion-exchanging minerals.

This group of materials can be structurally characterized as containing brucite-

(Mg(OH) 2) like layers in which divalent metal cations have been partially (commonly up

to 1/3) substituted by trivalent ions to form positively charged sheets. The metal cations

occupy the centers of octahedra whose vertices contain hydroxide ions. These octahedra

are connected to each other by edge sharing to form an infinite sheet. The cationic charge

created in the layers is compensated by the presence of anions between the stacked sheets.

The divalent cation can be Mg 2t, Mn2 +, Fe 2 , Co 2e, Ni 2 , Cu2*, Zn2 , or Ca 2+; the trivalent

ion can be A13+, Cr3+, Fe3+, Co3+, Ni3+; and A"-is the gallery anion. In addition, water is

generally present in the gallery, hydrogen bonded to layer hydroxide and in some cases to

the anion. These ionic layered materials have also been termed "hydrotalcite-like"
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ompounds, in reference to the structural similarity to the mineral hydrotalcite,

[Mg&A1 2(OH), 61[CO31 *4H20, or by the term "anionic clays" in mirror image resemblance

to the cationic clays whose negative charge of the aluminosilicate layers are

counterbalanced by intercalated cations (2).

A schematic depiction of a layered double hydroxide is shown in Fig 1.1(3)

OH

Fig 1.1 Schematic Representation of a Layered Double Hydroxide Structure

1.1.2 Thermal Properties of Layered Double Hydroxides

Unlike some other clay compounds, zeolites, or metal silicates, the thermal

stability of LDHs is not high. A layered double hydroxide can lose its layered structure

when the temperature is raised above 300 C (That means, all of the intercalated material

such as the counter-anions, Cl, SO4
2 , CO3

2-, and layer hydroxide, OH-, are thermally
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stable up to 240 - 300 C). Thermogravimetric analysis (TGA) revealed about 30 wt%

decrease when a sample was heated from 50 - 700 C (4). This weight loss was attributed

to the loss of water which included surface water, gallery water and structural water.

Constantino etc. (5) reported the thermal behaviors based upon TGA and XRD

results of various LDH samples. It was found that at 800C a Mg 2 */Al3 * (2/1) LDH lost

about 6% of its weight which was ascribed to loosely bonded external surface water.

After being heated at 1500C for 2 hours it lost about 12 - 15 wt% of its weight, This

additional loss is attributed to the water in the layered space. )RD patterns reveal that, at

that stage, the LDH still remains its layered structure, but with decreased interlayer

distance from 0.767 nm to 0.673 nm. However, when an LDH was heated at 2500C in N2

it almost lost its diffraction patterns and the sample was essentially amorphous, which

indicates that the degradation of LDH hydroxide was complete at 250C. Interestingly, if

the sample was heated at 2500C and then cooled in air, the XRD patterns were mostly

retained with not much change from the precursor, which indicates that the dehydrated

sample can be recovered by rehydration and that the reconstruction of the LDH hydroxide

upon exposure to air is a very fast and reversible process. Crystalline MgO appeared at

450 C and the LDH transformed to the MgAl2O4 spinel crystalline phase, along with

MgO, when the temperature reached 9000C.

The mechanism for degradation is believed to involve the liberation of water

through a dehydroxylation process followed by release of Cl- from the interplane space

(6-7). However, it is also possible that, in some cases, it involves ZnO (or MgO)

migration from the hydroxylated sheet into the inter-lamellar space, which is evidenced
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by ZnO crystalline appearing at 150C, before the total collapse of the LDH structure (4).

This result suggests the segregation of Zn2 LDH frameworks in the dehydration process.

1.1.3 Characteristic of layer structure of LDH

The interlamellar spacing between layers is largely determined by the size of

intercalated anions as well as gallery water. Table 1.1 displays the change of the spacing

with change of anions.

Table 1.1 Interlamellar spacing (A) of Zn2Al(OH)6 X with different anions (X) (8)

Anions d00 3  Anions d00 3  Anions d00 3

F~ 7.59 C103 ~ 8.93 So42- 8.72

Cf 7.81 BrO3 ~ 9.25 Cr04
2- 7.86

Br 7.9 103 9.72 HP04
2- 8.56

I 8.48 SO3 2- 7.93 MoO42- 8.13

NO3 ~ 8.81 C104 ~ 9.05 Cr2072- 7.85

CO3 2- 7.64 ReO4 ~ 9.36 P2 074- 8.89

The table clearly indicates that the layer space is strongly affected by the size of

the anion involved. Moreover, the charge of an anion also plays an important role:

the higher an anion's charge, the stronger the interaction between the anion and the

hydroxylated sheet and, therefore, other things being equal, the smaller the layer spacing.

Compared to anions, cations do not much affect the interlayer distance, Table 2.2

shows the spacing change caused by different cations. Obviously these LDHs exhibit no
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significant changes in the spacing. This is expected as cations in an LDHs are located in

the center of octahedra, which build the layered hydroxylated sheet. The change of

cation's size does not greatly affect the size of the octahedra and, therefore, the spacings

are expected to be comparable.

Table 1.2 Interlamellar spacing (A) of LDHs chloride (9)

LDHs d003 LDHs d003

Mg/AVCl 8.13 Zn/AlCl 8.11

Ni/AlCl 8.34 Zn/Cr/Cl 7.96

Another effect which can change the spacing is the water contained in the

interlamellar layers. As mentioned above, the loss of a water molecule leads to a decrease

in interlayer spacing. However, this change depends upon the form of water in an LDH.

As reported by Dupuis al. (10), who studied protons in Zn2Al(OH)6 .nH2O using H' NMR,

there are two kinds of protons, one related to OHin the hydroxylated sheet (fixed phase),

and the other to the water between the layered space or on the LDH surface (mobile

phase). Obviously, only those waters between the layers are able to affect the spacing of

LDHs. As the water molecule size is smaller than that of most anions, the change of the

space distance depends upon the amount of water involved: if a sample has been dried

under certain conditions (eg. 800C) it contains a limited amount of water and the distance

is largely determined by the size of anion; nevertheless, if a lot of water is involved, the

space between layers are somewhat expanded. This change, however, is limited as LDHs
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could only swell by one or two water layers, unlike some smectite clays which are

capable of taking up multilayers of water by swelling (9).

1.2 Application of Double Layered Hydroxides

1.2.1 Catalysis

After successful syntheses were developed in early 70's, layered double

hydroxides gathered more and more interest. An important application is in the area of

catalysis. A considerable amount of work has been devoted to developing new catalysts

(11-13), which use LDH as precursors. Unlike some clays or zeolites, which have acidic

catalytic sites, LDHs mainly display base-site catalytic properties. Chemical analysis,

XRD, TGA, and IR methods have been used to determine the chemical composition and

structures of these materials (14,22). Further studies involving calcination, reduction and

the structure of unreduced and reduced materials have shown that stable materials, which

have specifically required catalytic activities, can be prepared (23), and that their catalytic

activity and structure stability are related to specific synthetic procedures.

By substituting Mg2+ and A13+ with some catalytic active elements, such as Fe3+,

Co 2+, Ni3+, Zn2 * and Fe 2e, a range of functional catalysts can be obtained. As base-

centered catalysts, they are mainly employed in methanation, aldol condensation (15-16),

polymerization of propiolactone and propylene oxide (17-18) etc. in which base catalytic

sites are needed. These LDH materials can also be used as catalyst supports on which

specific catalytic active elements are loaded. The catalysts formed by this way sometimes

display multi-functional properties (19-21). For example, the active center in supports

combined with that of loaded metal can form multi-catalytic-site group, which would
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show some properties that neither the support nor loading metals would show

individually and furthermore, by interaction between supporting LDH and loaded metals

the catalytic activity can sometimes be significantly improved.

1.2.2 Environmental Issues

Because of their anionic exchange ability, layered double hydroxides could be

used to extract some anions from a solution and hence become potential sorbents for

anionic and polar organic compounds. Usually, Cl- in LDHs chloride is ready to be

replaced by anions having higher charge density. This property provides a chance to

collect some valuable anions form a solution, or remove hazardous ones from waste

water. As examples, Narita al (24-25) reported the adsorption property of aromatic

sulfonate ions as well as ionic dyes by heat-treated LDH. It has also been reported by

Miyata, S. and Hirose, T. (26) that gas adsorption from -196C to room temperature using

the Mg2 -Ala+-[Fe(CN)64] system shows molecular sieve-like effects which depend on the

size of the gas molecule.

Pollutants such as chlorophenols can reach the environment from a variety of

sources: industrial effluents, biocides, chlorination of waters, etc.(27). Hermosin al. (28)

reported that this kind of compounds could be removed from water by absorption on

LDH materials, and uptakes of Cu 2e, Pb2 * and Zn2 * on synthetic hydrotalcite in aqueous

solution (29) are also reported by Fujii, S. et al. recently.

1.2.3 Ionic Conduction

[Zn2Cr(OH)6]XenH2O, where X = F, Cl-, Br-, I, CO3
2 , and NO3-,has a relative

high ability to take up water, leading to more swelling and to anion mobility (30-31). Fast
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proton transfer and exchange through chains of water molecules can lead to high proton

conductivity. It thus seems possible that LDH could be used as an ionic conductor.

Conductivities as high as 103 -'cm-' for Zn/Cr/Cl system were observed, presumably

due to movement of chloride ions through channels under various humidity conditions.

Other anions showed ion conductivities between 10 - 10 (-'cm-'. "Quasi-two-

dimensional" electrolysis of intercalated solvated ions in layered host lattices has also

been reported (32).

1.3 Significance of this work

The study of the origin of life is an interesting topic which seeks insight into the

earliest chemical stages of the processed leading to life on Earth. According to the

inorganic ancestor hypothesis, life started from inorganic species. The question arises,

how those inorganic species in early life gave rise to early simple organic molecules

which might have developed and evolved to modern life. The first thing we need to

consider is the conditions necessary to the conversion process. We might never be able

to discover the actual conversion process and the historical conditions involved in that

process; however we could imagine those conditions and simulate the process, which

would help us to understand early life.

Obviously, according to modern kinetic theories, the candidate inorganic species

need to have been accumulated in some place before the conversion could happen.

Moreover, some formsof energy were necessary to overcome thermodynamic barriers

and transform these species to organic molecules. One can imagine that the most probable

energy source was sunlight, which could produce q photochemical process. But the
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question of accumulating inorganic species is not so obvious. A possible way is that those

inorganic species were absorbed and accumulated in some kind of solid, which acted just

as the membranes of a modern cell. This hypothesis might be the starting point for the

studies in the area.

If the above considerations are reasonable, a more specific question arises, what

kind of solid could play that role. Clearly, the solid must be capable of collecting some

useful inorganic species and, more importantly, must be available on the early Earth. A

layered double hydroxide might be a good candidate for the purpose as it meet both of

those conditions: having large capacities of intercalating anions; available at an early

stage.

Layered double hydroxides occur in nature as pore- and fracture-filling minerals

by the low-temperature hydrolysis of basalts, (33) which would have been extremely

common on the early Earth, as well as in the evaporation of salt brines, (34,35 ) while the

"green rusts", probable precursors of the widely distributed Archaean

magnetite, also belong to this family.(36) The species of most interest in early

metabolism - carbonate, cyanide, sulfide, phosphate, simple carboxylates - are all anionic.

Cyanide plays a key role in many proposed prebiotic reactions. (37) It is formed under

Jovian conditions by the photolysis of ammonia and acetylene (38), occurs in Halley at an

HCN:H20 ratio corresponding to 0.05 molar, (39) and may have been available on the

early Earth as a result of photoreactions in an atmosphere containing even small amounts

of methane. (40) However, cyanide reacts readily with iron(II), which is known to have

been available on the early Earth, (41) to give ferrocyanide: (42)
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Fe 2e(aq) + 6CN~(aq) - [Fe(CN) 6 ]4 (aq) K,~ 1036.9

Ferrocyanide readily exchanges into LDH's (as a rule, such exchange favors anions with

high charge density). (26) Taken together, ferrocyanide formation and its exchange into

LDH's give a promising mechanism for concentrating cyanide.

Based on the above considerations, this work is mainly concentrated on the

exchange process and activity of some anions, especially ferrocyanides in LDHs.
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CHAPTER TWO

TECHNIQUES EMPLOYED

2.1 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a commonly employed method of determining the chemical groups in

either crystalline or amorphous phases. Each chemical group absorbs characteristic

frequencies of infrared radiation. Thus an infrared spectrum fingerprints the identifiable

chemical groups in the unknown.

FTIR is widely employed for organic characterization. Its application in inorganic

chemistry, though less widespread, has also been established(3-7). Inorganic anions such

as carbonate, sulfate, ferrocyanide, ferricyanide, silicate, nitrate, and also the ammonium

cation show their characteristic vibrational bands in the mid-IR region. However, unlike

neutral organic species, their exact absorbing wavelengths are affected by the cations they

are attached to; peak shifts are normally observed when the cation is changed. This is

because that vibrational frequencies are influenced by the reduced mass ( ) involved as

illustrated in the following equation:

V = 1/(2i1) * V(k/s)

Another special feature of inorganic compounds or minerals is that their infrared

spectra are affected by crystallinity. Because of intermolecular interactions, the symmetry

of a molecule is generally lower in a crystalline state than in the gaseous (isolated) state.



16

This change in symmetry may split the degenerate vibrations and activate IR-inactive

vibrations. For example, the symmetry for isolated C03
2 is D3h. In a calcite crystal the

symmetry is D. and in aragonite the symmetry is lowered to C. The four characteristic

vibrations for calcite and aragonite are listed in Table 2.1. Evidently, the IR-inactive v in

calcite (no net dipole moment change) is activated in aragonite; also the v3 and v4

vibrations are split in aragonite crystals.

The FTIR system employed in our experiments was a Perkin-Elmer 7600 with

computer interface. The semiquantitative calculation of intergrated peak area was

performed using the manufacturer's package.

Table 2.1 Vibrational Frequencies of Planar C03
2 in the Crystalline State (cm') (17)

structure VI V2 V3 V4

Calcite inactive 879 1429-1492 706

Aragonite 1080 866 1504, 1492 711, 706

2.2 Scanning Electron Microscopy (SEM)

Like optical microscopes, the electron microscope serve to magnify minute

objects normally invisible to the naked eye. However, electron microscopy uses an

electron beam instead of a light beam or ultraviolet rays as a means of specimen

illumination.

The scanning microscopy is one of the most versatile instruments available for the

examination of objects. The primary reason for its usefulness is the high resolution which

can be obtained when bulk objects are examined; values of the order of 2.5 nm are quoted



for advanced research instruments (20). Another important feature of the SEM is the

three-dimensional appearance of the specimen image, which is a direct result of the large

depth of focus. Moreover, it is possible to use bulk specimens with the scanning electron

microscope, but not with the transmission electron microscope.

The operational principle of the scanning electron microscope is illustrated in Fig

2.1. A finely focused electron beam is made to scan the specimen surface, with the result

that secondary and back-scattered electrons are emitted from the specimen surface. These

signals are then detected and fed to a synchronously scanned CRT as an intensity

modulated signal, thus displaying a specimen image on the CRT screen. The CRT raster

width divided by the electron probe scanning width gives the image magnification.

Electron sun)

Condenser lens -.. S

Objective ----- aification
- control unitBeam deflector

coils

Incident electron Detector AUfier
beas CRT

Secondary electrons,
Specimen other signals

Fig 2.1 The operating principle of SEM (22).

17
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2.3 X-Ray Diffraction (XRD)

The X-ray date reported here were obtained by Dr. Jimin Shi at the University of

Texas at Dallas using a Scintag powder diffractometer. CaF2 was used in many cases as

an internal standard.

X-ray diffraction provides a convenient and practical means for the qualitative

identification of crystalline compounds. This application is based upon the fact that an X-

ray diffraction pattern is unique for each crystalline substance. Thus, if an exact match

can be found between the pattern of an unknown and an authentic sample, chemical or

structural identity can be assumed. In addition, diffraction data sometimes yield

quantitative information concerning a crystalline compound in a mixture. The methods

may provide data that are difficult or impossible to obtain by other means as, for example,

the percentage of graphite in a graphite/charcoal mixture. More significantly, if a

reference is quantitatively included, this method could also reveal information about the

possible conformation of species in a crystal after some physical or chemical treatment.

XRD is based on Bragg's law (18)

nX = 2d * sinO

where a is the wavelength of the x-ray beam, d is the interplanar distance of a crystal, e is

the angle between the incident x-ray and the reflecting crystal plane, and n is an integer

representing the order of reflection (in practice n is taken to be 1). Bragg's law indicates

that x-rays are reflected from the crystal only if the angle of incidence satisfied the

condition that sinO = nX/2d.
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2.4 Elemental Analysis

All of the element analysis data were collected by Atlantic MicroLab. Samples

were pre-dried on a vacuum line and each sample was analyzed in duplicate.
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CHAPTER THREE

EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Materials Preparation

3.1.1 Materials Used

All the materials, along with their grade and suppliers, used in the this work were

listed in Table 3.1. These materials were in general used without further purification.

Water was ultra pure deionized water (Millipore, 18 MQ) or high purity water (purchased

from Baxter Healthcare Corp.) which, in some cases, was degassed by boiling for half an

hour and cooled to ambient temperature under N2.

3.1.2 Preparation of LDHs

LDHs in this work, unless specified, were prepared by the procedure described as

follows. The general formula for the LDHs studied here is [M2
2+M3 (OH)6]I-.yH 20,

where M2+ = Mg 2t, M3+ = A13+, and X-= Cl, COf, 542, [Fe(CN)6]4-, S2 , PO4
3 , HCOO~

, C204
2 .

By the formula described above the ratio of M2 /M3 is 2:1. This ratio was reached

by the strategy of using extra M2+ (M2 /M3+ =3) combined with titration, which stopped

at twice the volume needed to precipitates M3 as M(OH)3 (the first equivalence point in

the titration). In the preparations of LDHs, all salts of M3 ions were 0.1 M concentration,

salts of M2+ ions were 0.3 M solution. The concentration of related anions was 1.0 M for

1-valence, 0.5 M for 2-valence and so forth.
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Table 3.1 Chemicals used for experiment of LDHs

Name Grade Supplier

MgCI.6H2 O

K4[Fe(CN)6].3H20

(NH4)4[Fe(CN)6].xH20

K2 3

Na2CO 3

NaCi

NaOH

Na2S

_ Na2 SO4

KBr

CaF2

NaHCO3

Na 3 PO"

Na2HPO4

NaNO 2

KNO 3

99%

99%

99%

Reagent

....-... .. . R agent

Reagent

Regent

50% Solution

Reagent.

..... .. .~ mR eagent . .x . ..w

Reagent

Reagent

100%

98%

98%

98%

Reagent

Aldrich

Aldrich

Aldrich

Aldrich

. Spectrum Chem Mfg

Fisher Scientific

Fisher Scientific

Fisher Scientific

Aldrich

SpectrumnChem Mfg

Fisher Scientific

AAlliedChemCo

Fisher Scientific

Fisher Scientific

Fisher Scientific

Malinckrodt

LMatheson Coleman & Bell

Matheson Coleman & BellI

A1CL.6H20
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The schematic titration curve for production of Mg2 Al(OH)6C1 was shown in Fig

3.1. Where region a is precipitation of Al(OH)3 , v, is the first end point, region b is buffer

region for precipitation of LDH, v 2 (= 2 v) is chosen end point anticipating to formation

of Mg2AI(OH)6C1, v3 (= 3/8v,) is end point for complete precipitation of Mg2 . as

Mg3 AI(OH)8C1, and c is the region of excess OH-.

Typically, 15.2482 grams of MgCl2.6H 20, 6.035 grams of AICI 3.6H 20 and

1.4620 g. of NaCl were introduced in a 500 ml three - neck round bottom flask, and water

added to make 250 ml of solution, mixing being completed by magnetic stirring. A

burette was positioned to deliver 2 M NaOH solution, which was added slowly, and pH

of solution was monitored during titration. The total volume of NaOH solution, prepared

PH

tI

v@1EIB of NaE

Fig 3.1 Schematic Titration for Production of Mg2AI(OH)6Cl
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by dilution of Fisher 50% NaOH (low in carbonate), to make M2 /M3 = 2 was twice that

for the first equivalence point. The end pH typically was about 8.5. Precipitates appeared

in different colors according to the different cations or anions used, and milk-white color

for Mg 2t/A13/Cl- system, for example. The resulted mixture was refluxed overnight with

stirring. Afterwards, it was centrifuged, and the solid washed at least three times with

water until neutral (pH paper test) and then dried on a vacuum line.

3.1.3 Preparation of samples for FTIR

The selected sample was mixed and ground with pre-dried KBr powder (usually

the mass of sample is around one hundredth of that of KBr). The mixture so formed was

then physically pressed into a thin (transparent) disk (7mm in diameter), by using a KBr

"Quick Press" supplied by Perkin Elmer Corporation (Fig. 3.2).

3.2 Anion Exchange

3.2.1 Exchange with Various Anions

Mg2AI(OH)6C1 was exposed to solutions of various anions, including the

inorganic ions [Fe(CN)6]4 -, C03
2 , SO4

2 , S2 , PO4
3 , NO , and the organic ions or species

HCOO-, HCOH, Ac, C204
2 and tartrate. Exchange reactions proceeded at ambient

temperature. Unless specified, typically 0.4262 grams of LDH-Cl in 20 ml water was

magnetically stirred with selected anions (0.1 M) for overnight. The resulted mixture was

washed with water three times and dried at ambient temperature. The FTIR analysis show

that some exchange attempts were positive (P) and some of them are not (N). The results

of reaction are summarized in table 3.2 and Fig 3.3 - Fig 3.12 depict the FTIR of the

products of some of these exchanges.
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table 3.2 the exchange characteristics of various anions with LDH-Cl (* - new data)

on/Species P/N v(cm') Ion/Species P/N v(cm-')

CO3
2' P 1359.7(1) Ac P 900-950*

SO42. P 1111.2(1,17) C2OI P 169 1 1A 3

Experimental results (Fig 3.3 - Fig 3.12) shown that (the peak at 428 cm' indicate

that the double layer is intact) a variety of anions, not only inorganic ions but organic

species (in which interest has recently increased (11-14)), may be intercalated into the

LDH materials.

A

4"
I I

0
40

100

Fig.3.3 FTIR Spectrum of Mg2 Al(OH)6 C1

I4

Fe(CN)6,' P 2025.7 HCOH N n/a
NO3  P 1379.5,1358.8 CJHOH N n/a

PO4 _P 1000-1100 tartrate P 1586.8,1708*

HCO; N n/a N02~ P 1269.4*

II It0
a jkr W*4 1, -

i

i
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Fig.3.12 FTIR Spectrum of material formed by

reaction of Mg2A(OH)6Cl with sodium tartrate

3.2.2 Focus on Ferrocyanide Exchange

The interesting exchange reactions between LDH with ferrocyanide were studied

in much detail, such as the effect of different concentration of ferrocyanide, different pH

conditions, different reaction times, and the effects of different cations, ammonium

ferrocyanide and potassium ferrocyanide.

3.2.2.1 Mg2AI(OH)6C1 with Ferrocyanide Salts

Ferrocyanide-formed LDHs can be easily obtained by exchanging LDH-Cl with

M4[Fe(CN)6 ] (M = NH4 , K). Both potassium and ammonium ferrocyanide could be used
for intercalation. Commonly, there are two kinds of CN stretching vibration peak in the

FTIR spectrum, as can been seen, for example, in Fig.3.6 and Fig.3.16. 2025 cm (peak

a) is the CN stretching mode for ferrocyanide(1,2,6) intercalated into the LDH layer and
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shows splitting into two components due to lowering of symmetry from Oh to D3d (25).

The weak shoulder around 2005 cm' is the 13C satellite of peak a. The peak ~2083 cm'

(peak b) does not show any such splitting, and is assigned as the stretching mode of Oh

ferrocyanide which remains outside the layered structure of LDH materials, suggesting

formation of M2MgFe(CN)6 (M = K or NH4). The CN stretching region for reaction of

(0.1 M) Mg2AI(OH)6C1 and (0.1M) K4Fe(CN)6 for overnight is shown expanded in Fig.

3.13. The relative intensity between the two different peaks may vary with the different

reaction conditions (discussed later).The exchange process could be taking place in two

steps: the ferrocyanide first replaces the labile Cl-in the interlayer spacing; after most of

the accessible Cl- have been replaced, neutral M2MgFe(CN)6 , forms by decomposition of

LDH, in the space between the layers. As the ferrocyanides are in different environments,

these two species display different absorption frequencies in FTIR. This-interpretation

was supported by the fact that when LDH chloride reacts with ammonium ferrocyanide,

ferrocyanide peak b and the characteristic frequencies (1,3,6) of ammonium ions (3200

and 1416 cm' for the NH stretching and bending vibrations) (Fig.3.16) appear and grow

together (22).

Fig. 3.14 presents the XRD trace and table 3.3 shows the corresponding intensity

and spacing data for a sample obtained by 2 days exchange of LDH-Cl with

(NH4 )4[Fe(CN)6 ]. It was noticed that there was no pattern for starting material

Mg2Al(OH)6 Cl (20 = 11.78, 23.48; dOO3 = 7.5 A (16,17)), which implies that Cl- was

completely replaced by ferrocyanide ion in the framework, and there were two sets of
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Fig 3.13 Expanded FTIRSpectrum in CN Stretching Vibration Mode

for reaction of (0. IM) Mg2 Al(OH)6 Cl and (0. 1M) KJFe(CN)J overnight

spacings: one could be assigned to the pattern in which ferrocyanide replaced Cl-

anion and entered the LDH framework (20 = 8.88, 16.65, 24.90, d,3= 10.5 A. (16))

while the other might relate to that in which ferrocyanide existed as (NH4)2MgFe(CN)6
(20 = 17.54, 35.21), which is agreement to the XRD patterns from direct synthesis of

(NH4)2MgFe(CN)6 (Fig 3.15 and table 3.4). This results further supported the assumption

of two separate processes and the increase of distance between layers from 0.75 to 1.05

demonstrated the intercalation of ferrocyanide into the layer structure of LDH materials.
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Table 3.3 XRD data of Mg2AI(OH)j[Fe(CN)]1i 4, obtained by

2 days exchange of Mg 2AI(OH)6C1 with (NH4 )4[Fe(CN) 6]

20 d(A) relative intensity

8.443 10.464 85

16.648 5.321 73

17.539 5.052 22

24.906 3.572 40

35.31 2.54 21

Table 3.4 XRD data of (NH4)2MgFe(CN)6 obtained by direct synthesis of

(NH4)4[Fe(CN)6] and Mg2CI (* - peak matched with those in table 3.3)

15.141 5.847 17

17.491 5.066 100*

24.753 3.594 57*

28.383 3.142 21

29.103 3.066 20

35.251 2.544 55*

39.513 2.279 17

47.113 1.927 11

50.559

57.019

1.804

1.614

11

11

relative intensity26 d(A)
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3.2.2.2 Effect of Concentration

0.4262 gram of LDH-Cl was suspended in 20 ml water (the concentration of LDH

is 0.1M, assuming formula: Mg2Al(OH)6Cl) and magnetically stirred with different

concentrations of ammonium ferrocyanide overnight at ambient temperature. The

concentrations of ferrocyanide were 0.1M, 0.01M, 0.001M, 0.0001M respectively. The

reactions were monitored by FTIR of the solid products, which are shown in Figures 3.16 -

3.19.

It is clear from the FTIR spectrum that the concentration of ammonium ferrocyanide

can affect the degree of intercalation. If the OH stretching vibration at

3400 cm-' is taken as the reference peak, and focusing on the intercalated CN stretching

vibration peak at ~2025 cnm', the relative integrated peak areas are given in table 3.5. Notice

that higher initial ferrocyanide concentrations lead to a higher degree of intercalation,

although it is difficult to quantify this effect, given the simultaneous extensive formation of

the second ferrocyanide-containing material (peak b in figure 3.16)

Table 3.5 calculation of relative peak area

Reference Peak - 3400 cm CN Stretching Peak --- 2025 cm'
base, start end base2  base1  start end base2

3840.9 3674.5 3067 2748.8 2257 2027.9 2021.6 1839.2
CMAN A A I 

(M) Aref ACN ACN/Aref C(M) Aref ACN ACN/Aref
0.1000 350.6 57.5 0.1640 0.0010 565.1 9.5 0.0168
0.0100 643.9 51.0 0.0803 0.0001 639.3 8.7 0.0136
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For initial concentration of ammonium ferrocyanide, 10-M was a critical point,

below which, the intercalation was trivial and almost remained constant, however, when

the concentration was larger than 10-'M, the quantity of intercalated ferrocyanide seems

to increase exponentially. However, this ignores the O species (peak b in Fig 3.16) and

should perhaps not be taken too seriously.

1.S7W0

A

t.057

0.33

F

I

LaK

4sMe 3- amU - - 1000

Fig. 3.16 FTIR Spectrum of Mg2Al(OH) 6[Fe(CN)(J4 by of

Mg2Al(OH)6 C1 with 0.IM (NH4)4[Fe(CN)J
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Fig.3.17 FTIR Spectrum of Mg2Al(OH)[Fe(CN)6J by exchange

of Mg2 AI(OH)6C1 with O.O1M (NH4)4[Fe(CN)J]
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Fig.3.19 FJ2IR Spectrum of Mg2Al(OH)6[Fe(CN)]by exchange

of Mg2 Al(OH)6C1 with 0.0001M (NH4)4[Fe(CN)6]

3.2.2.3 Effect of pH

LDH-Cl (0.1 M) were exchanged with Potassium Ferrocyanide (0.1 M) under

different pH conditions, which were adjusted by addition of HCl solution. The initial pH

was adjusted to 5.17, 7.04, 8.24 and 9.18 respectively. The FTIR are collected in Fig.3.20

- Fig.3.23

Evidently, pH was an other factor affecting the exchange between LDH-Cl and

ferrocyanide. From the ratio of the two peak areas in Fig.3.20 - Fig.3.23, the lower

frequency CN stretching vibration (D~d), (intercalated species) and the other, higher

frequency CN stretching vibration (Or.), corresponding to the other ferrocyanide form, it

was found that the proportion of intercalated anion in the layer structure decreased at

3.80
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lower solution pH. The intercalated CN species dominated when pH > 6 (A/Ah> 1). The

area ratio of the two different CN peaks vs. pH is shown in Fig 3.24 and the calculation is

collected in table 3.6.

Table 3.6 the calculation of area ratio of two different kind of CN stretching peak

CN High Frequency Stretching
base1  start end base2

2271.5 2097.9 2069 1954.9

9.18

8.24
34.96
21.26

sa Ai '7
16.81

12.29

2.08

1.73

CN Low Frequency Stretching
base1  startI end base2

2271.5 2054.5 2025.6 1954.9

HpH
7.30
5.17

A4
18.93

13.28

As

15.36

16.81

K

A4M M X000 00 000 1100 1000

Fig.3.20 FTIR Spectrum of Mg2Al(OH)[Fe(CN)J] by exchange

of Mg2Al(OH)6C1 with K4[Fe(CN)6] at pH = 5.17

A4/Ah

1.23
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Fig.3.21 FTIR Spectrum of Mg2Al(OH) 6[Fe(CN)J by exchange

of Mg 2Al(OH)6 C1 with K4[Fe(CN)J] at pH = 7.04
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Fig.3.22 FTIR Spectrum of Mg2AI(OH)6 [Fe(CN)6] by exchange

of Mg2Al(OH)6 C1 with K4[Fe(CN)J at pH = 8.24
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3.2.2.4 Effect of Reaction Time

The exchange reaction of LDH-Cl (0.1M) with K4[Fe(CN)6] (0.1M) was carried

out at room temperature with magnetic stirring, and monitored by FTIR analysis at

different reaction times: 1 day, 2 days, 5 days, 1 week, 2 weeks, 3 weeks and 1 month.

The IR spectra of these different samples in the CN stretching region is shown in Fig.

3.25.

The experiment (Fig.3.25) indicated that reaction time could affect the exchange,

longer times favoring the intercalation of ferrocyanide. At longer reaction times, the high

frequency CN stretching vibration peak becomes weaker and finally vanishes. The change

of relative peak area ratio with time (Fig.3.26) also shows that the intercalation of CN

species into the LDH layer structure increases with time, reaching saturation exchange

(the peak area ratio constant) after about 2 weeks. The calculation of the relative areas of

peaks for the reaction of Mg2Al(OH)6Cl and K4[Fe(CN)6 ] at different reaction times is

collected in table 3.7.

Table 3.7 The calculation of relative peak area ratio of exchange with the time

HighFreuency CN Stretching Low Frequency CN Stretching
base, start end base2  base1  start end base2

2170.2 2097.9 2069.0 1969.4 2170.2 2054.5 2025.6 1969.4
day A Ab AI/Ah week A1  Ah A/Ah

1 7.82 4.01 1.95 7 4.89 1.37 3.56
2 4.91 2.17 2.26 14 4.81 1.22 3.94
5 4.52 1.74 2.6 21 4.45 1.09 4.08'

1 __ 28 4.49 1.1 4.08



46

b

c

d

f

Fig.3.25 FTIR Spectrum of CN stretching vibration peak of exchange

between Mg 2Al(OH)6C1 and K4[Fe(CN)61 at different reaction time

a: 1 day, b: 5 days, c: 1 week, d: 2 weeks, e: 3 weeks and f: 1 month

It is surprising that the higher frequency peak of CN stretching corresponding to

K2MgFe(CN)6 was so high and reduced as the reaction time extended. The reason which

leads to this phenomenon is still not known, may be there exists some relation, like

transformation between two different kinds of CN group, at some special conditions,

which need to further study in detail.



47

4.5

4.0"""

3.5-"

3.0

2.5"

2.0

1.5
0 5 10 15 20- 25 30

T~)

Fig.3.26 The relation of reaction time and intercalation

3.2.2.5 Effect of Cations

Although both ammonium and potassium ferrocyanide could intercalate into the
LDH layer, it is clear from Figures 3.6 and 3.16 that the effects of the

K salt and the NH4 salt are different. The competitive reaction between these two
ferrocyanides and LDH-Cl was studied by exchanging LDH with a mixture of K and NH4

salts, and controlling the content of NH4 salt in the mixture. The reaction conditions are
the same as the routine described in the very beginning of the chapter. The effects on the
CN stretching vibration peaks are shown in Fig.3.27.

The competitive exchange reaction between potassium and ammonium
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ferrocyanides suggested that the different cation could also affect the intercalation of

ferrocyanide into the LDH layered structure. Fig.3.27 shows that the intercalation

increased relative to formation of the octahedral species as the content of potassium

ferrocyanide in the mixture increased relative to the ammonium ferrocyanide. The area

ratio of the low frequency CN stretching peak to high frequency CN stretching peak was

calculated in table 3.8 and the linear plot of area ratio vs mole fraction of K is shown as

Fig.3.28 and it shows that more K favors intercalation rather than formation of the

octahedral species.

Table 3.8 The calculation of relative area ratio of two kind of different

CN stretching peak (A, -2054cm', Ah-2O97cm')

K(mnle) Ai Ah Al/Ah

0%. 34.29 55.31 0.62
25% 3.90 2.60 1.50
50% 3.79 1.49 2.55
75% 4.51 1.02 4.41
100% 4.11 0.75 5.49



49

3ma.ii UN00

UN00 !71.77

-000 1671

3000 1671.77

0.33

A

0.3458
M .1 3000 UN 0 1671.77

e.7

0.UUO 1

.77 33.1 U U 617

Fig.3.26 FTIR Spectrum of Mg2Al(OH)6C1 by exchange of Mg2AJ(OH)6 C1 with the

mixture of K-NH4 ferrocyanides, in which mole fraction of K: (a) 0, (b) 0.25,

(c) 0.50, (d) 0.75 and (e) 1.0

lom

A

1.0012

5 __

b

!.1

0.3

A

0.4307

0.30

0.

S.MM

MN

d

- -,

.11 S0

I

:

a

-

M i M mi i e
r 

4

"Oman



50

6

51

4 K O

O

2-

1-

0.0 0.2 0.4 0.6 0.8 1.0

Fig.3.28 the correlation of intercalation and different cation molar ratio(KJNH4 )

3.3 Competitive Exchange Between Ferrocyanide and Carbonate Ions

3.3.1 Ferrocyanide-intercalated LDH with Different Concentration of CO3 2-

Mg2Al(OH)6[Fe(CN)]1 4 was prepared by stirring a mixture of LDH-Cl and 0.1M

K4[Fe(CN)J] at room temperature for overnight, centrifuging, washing and drying on a

vacuum line. The ferrocyanide-intercalated LDH materials (0.1M) was then exchanged with

different concentrations of sodium carbonate ([CO3J2-=0.1M, 0.05M, 0.01M, 0.005M and

0.001M).

Figs.3.29 - Fig.3.33 depict the FTIR of this series of exchange reactions. It was
clear from these figures that intercalated carbonate was more and more accumulated and
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the amount of ferrocyanide remained in the LDH was less and less as the amount of

carbonate in the exchange system increased; when exchanged with starting concentration

of 0.05M of carbonate, no CN stretching peak (2083 cm-1) appeared in FTIR, so that the

only CN remained in the material was intercalated ferrocyanide species; the exchange

favored carbonate over ferrocyanide; the shoulder around 3000 cm~'(H-bonding) was

more and more evident as the carbonate peak became more dominant, this phenomenon

suggested that hydrogen bonding may support carbonate ion intercalating into the layered

structure of LDH materials.(compare also Fig. 3.4)

The relative exchanged amount of ferrocyanide and carbonate was collected in the

table 3.9, which was calculated from the elemental analysis of the materials and charge

balance of the reaction. For example: 0.4882g (100 mmol) of

Mg2Al(OH)j[Fe(CN)6 ]y,4.yH 2o in 20 ml water solution was exchanged with 0.2764g of

K2C03 (100 mmol), elemental analysis result of product gave, C: 3.515%, N: 1.605%, H:

3.915%. the mole ratio of N to C is 1:2.555, giving CN: CO32-= 1 : 1.555, since in CN

one C is associated with each N. Fe(CN)6 4-: CO3
2 ~ = 1 : 9.329, since each Fe(CN)6

contains 6xCN. Fitting m/n = 1 : 9.329 and the charge balance calculation 4 x m + 2 x n

= 1, as required by the formula Mg2Al(OH)[Fe(CN)6]n(CO 3)eyH 2o, we have m = 0.044,

and n = 0.412. That means, the molecular formula of the final product could be suggested

as Mg2Al(OH)[Fe(CN) 6 ]004(CO3). 412 .yH20. The other approach could be assuming a

molar formula according to charge balance first, such as Mg2Al(OH)6 (1/4[Fe(CN) 6 I)x

(1/2CO 3)1_. ,yH 2O, so that molecular weight should be MW = 22.962x + 18y + 147.592,

where C : N : H = 1 2 x + 6: 21x: 2y + 6, so that
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Fig.3.33 FTIR Spectrum of (0. lM)K2 C03rexchanged Mg2Al(OH)[Fe(CN) 1 4

C: N = (12x +6) / 21x and C: H = (12x +6) /(2y +6). The same value could be

obtained by this way, where the mole fraction of ferrocyanide is x/4 and mole fraction of

carbonate is (1-x)/2, and the value of y can also be figured out (in this example, y = 1.524,

suggesting an ideal composition with y = 3/2). It was found that the calculated result was

fully agreement with that from FTIR.

The C:N ratio in analyzed starting material shows effect of carbonate

contamination, surprisingly difficult to avoid. For completness, analytical data are

presented:C:5.565%, N:5.995%, H:2.94%. As expected, the amount of carbonate

increases as the proportion of carbonate in the initial solution increases.

To our surprise, carbonate appear to be taken up in strong preference to
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ferrocyanide. This means that even the amount of CO2 taken up from the atmosphere can

affect the results. In these circumstances, a more quantitative discussion does not seem

possible.

Table 3.9 Elemental analysis and mole fraction calculation of Mg2A(OH)6 [Fe(CN)6 1 4 -CO3

system (Mg 2AI(OH) 6[Fe(CN) 114 + K2 CO3 -. Mg2 A(OH)6 [Fe(CN)6].(Co3 )..yH2 o)

No. Mg2 AI(OH)6[Fe(CN)1 1 4 .yH2O K2C03  C% N% H% m n y

1 0.4882g 0.2764g 3.515 1.605 3.915 0.044 0.412 1.52

2 0.4882g 0.1382g 3.685 1.965 3.885 0.055 0.390 1.55

3 0.4882g 0.0276g 5.435 5.155 3.955 0.148 0.204 1.77

4 0.4882g 0.0138g 6.025 6.00 3.915 0.165 0.170 1.52

5 0.4882g 0.0028g 6.145 6.195 3.945 0.170 0.161 1.54

3.3.2 Carbonate-intercalated LDH with Different Concentrations of [Fe(CN)6 ]4-

Mg2Al(OH)j[CO 3]1 2 was prepared by the same routine as above except using

sodium carbonate in stead of potassium ferrocyanide. The carbonate-intercalated LDH

material (0. 1M) was exchanged with different concentrations of potassium ferrocyanide,

and [Fe(CN)]4~ was designed as 0.1M, 0.05M, 0.01M, 0.005M and 0.OO1M.

Fig 3.34 and Fig 3.35 depicted two FTIR figures of exchange between (0.1M)

Magnesium Aluminum Hydroxide Carbonate and Potassium Ferrocyanide (in which the

concentration of ferrocyanide were 0.1M and 0.001M respectively). It is clear that

carbonate is much easier than ferrocyanide to intercalate into the LDH material and the

relative intensity of carbonate peak increased as the concentration of ferrocyanide

reduced. And because carbonate was dominated anion in the intercalated LDH material,

the hydrogen bonding peak around ~ 3000cm' was very clear in both of the figures.
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It is important that there is some ferrocyanide uptake even at low concentration.

The shape of the ferrocyanide peak, and fact that m is almost same at two different

concentrations, fit idea that there is a minority site that adsorbs ferrocyanide in preference

to carbonate, in an environment similar to that of intercalated material (from peal

position), but with less clear reduction of Oh symmetry (peak shape).

The calculated data based on the element analysis, which are fully agreement with

the result from those FTIR, are also collected in table 3.10. Fig 3.36 and table 3.11

depicted the XRD trace and the related analysis data obtained by the sample after

exchange of 0.1M of Mg2 Al(OH)6(CO3)w with 0.1M of K4[Fe(CN)6] for one day; and

Fig.3.37 and table 3.12 depict the XRD trace and the related data collected from the

sample after exchange of 0.1M Mg2Al(OH)6 (CO3),, with 0.0001M K4[Fe(CN)6 ] for one

day. It was found that although the distance of interlayer, d. 3 is a little different, do

almost does not change after increasing the concentration of ferrocyanide, the peak

position (20) was shifted from 11.83 to 11.88, this may be imputable to the experimental

errors.

Table 3.10 the calculation based on elemental analysis

Mg2Al(OH)6 (CO3)y, K4[Fe(CN)61 C% N% H% Suggested formula

0.002 mole 0.002 mole 2.82 0.505 3.81 Mg2AI(OH)6 [Fe(CN)6 ]o.0 14 (CO)0 472 *yH2o

0.002 mole 0.00002moe 2.86 0.435 3.775 Mg2A(OH)Fe(CN)6 0.012 (CO3)0 476 .yH2o
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Table 3.11 XRD data of 0.1M K4[Fe(CN)6 ] exchanged Mg2Al(OH)6(CO3),

20 d (A) relative intensity

11.8287 7.48 100

23.5506 3.77 53

34.8112 2.58 22

Table 3.12 XRD data of 0.0001M K4 [Fe(CN) 6] exchanged Mg 2 Al(OH) 6(CO3)

20 d (A) relative intensity

11.8818 7.44 100

23.6187 3.76 52

34.7137 2.58 21

3.3.3 LDH-Cl with Different Ratios of Ferrocyanide to Carbonate

LDH-Cl was exchanged with mixtures of ferrocyanide and carbonate, in which the

ferrocyanide and carbonate were controlled at different molar ratio. The reactions were

summarized in table 3.13.
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Table 3.13 Exchange of LDH with the mixture of ferrocyanide and carbonate

(0.4262g of LDH-Cl in 20 ml water solution (0.1M))

No. K4[Fe(CN)6 ] K2C0 3  Molar ratio Charge ratio
(M) (M) [Fe(CN)6]4 /CO 2  [Fe(CN)14}CO 2

1 0.1 0.01 10: 1 20: 1

2 0.1 0.025 4: 1 8: 1

3 0.1 0.04 2.5: 1 5: 1
4 0.05 0.05 1:1 2: 1

5 0.05 0.1 1:2 1:1

6 0.025 0.1 1 : 4 1 :2

7 0.01 0.1 1:10 1:5

The FTIR were collected in Fig 3.38 - Fig 3.44. It is evident that as the ratio of

ferrocyanide to carbonate change from 10:1 to 1:10, the shape of CN stretching peaks

become very different. There exist two different kind of ferrocyanide peaks in Fig 3.38

(10:1), corresponding to peals (a) and (b) of section 3.2.2.1, but only one single

absorption peak appeared in Fig 3.44 (1:10). there was. only a weak H-bonding peak

around ~3000cm' in Fig.3.38 (10:1), but it is prominent in Fig 3.44 (1: 10).The reason is,

once more, that carbonate is much more strongly intercalated into the LDH materials than

ferrocyanide because of hydrogen bonding. The intercalation ability of ferrocyanide is

limited by concentration and competition, and the high frequency peak (CN group in

K2MgFe(CN)6) disappears when the concentration of ferrocyanide is relative low. .
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Fig 3.42 FTIR Spectrum of mixed anion (ferrocyanide:carbonate = 1:2)

exchanged Mg2AI(OH)6C1
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Fig 3.43 FTIR Spectrum of mixed anion (ferrocyanide:carbonate = 1:4)

exchanged Mg2Al(QH)6C1
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Fig 3.44 FTIR Spectrum of mixed anion (ferrocyanide:carbonate = 1:10)

exchanged Mg2Al(OH)6C1

Fig 3.45 - Fig 3.47 and table 3.14 - table 3.16 depict the XRD traces and related

data collected from the samples after exchange between LDH-Cl and the mixture of

ferrocyanide and carbonate, in which the molar ratio of ferrocyanide to carbonate was

10:1, 1:1 and 1:10 respectively.

It shows that the carbonate was so strongly to competitive that even when the

molar ratio of ferrocyanide to carbonate was 1:1, the XRD trace looks like pure

carbonate. The intensity of ferrocyanide peak is reduced with the decrease of its relative

amount in the exchange system.
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Table 3.14 XRD data of (molar ratio = 10:1) Ferrocyanide-Carbonate

exchanged Mg2 Al(OH)6 C1 ( * - indexed to carbonate)

20 d (A) relative intensity

8.5019 10.39 84

*11.2556 7.85 33

16.6856 5.31 100

*24.8713 3.58 33

*34.8662 2.57 24

Table 3.15 XRD data of (molar ratio = 1:1) Ferrocyanide-Carbonate

exchanged Mg2Al(OH)6 Cl

Table 3.16 XRD data of (molar ratio = 1:1) Ferrocyanide-Carbonate

exchanged Mg2AI(OH)6C1

20 d (A) relative intensity

11.745 7.53 100

23.5031 3.78 69

34.7044 2.58 44

20 d (A) relative intensity

11.8562 7.46 100

23.5556 3.77 59

34.7738 2.58 30
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The mole fraction of intercalated species in the product after exchange could also

be calculated based on the elemental analysis which was listed in table 3.17. (the

calculation procedure was the same as discussed previously in 3.3.1.

Table 3.17 The calculation based on element analysis data

( reaction number as in table 3.13 )

No. C% N% H% m n y Suggested formula

1 5.105 4.69 2.995 0.138 0.223 1.94 Mg2AI(OH)6[Fe(CN)J)0.33 (CO3)0 .447.yH2o

2 3.885 2.345 3.835 0.066 0.368 1.52 Mg2AI(OH)6[Fe(CN))o 24.(CO3). 37.yH 2o

3 3.405 1.595 3.865 0.046 0.409 1.65 Mg2AI(OH)6 [Fe(CN)610. 1 i(CO 3)o. 17 .yHo

4 3.06 1.015 3.835 0.029 0.442 1.64 Mg2AI(OH) 6[Fe(CN)], 17(CO3)o.8xly H2O

5 2.95 0.92 3.805 0.027 0.446 1.71 Mg2A(OH)j[Fe(CN)). 108 (COI)0 892 .yH2 o

6 2.76 0.465 3.875 0.013 0.473 1.68 Mg2A1(OH)6[Fe(CN)J. 00 i(CO3)0.947 yH,0

7 2.75 0.375 3.805 0.011 0.479 1.50 Mg2AI(OH)6[Fe(CN) 6 ]o.0 (CO3). 52 .yH 2o

The resulting products after exchange were also studied by SEM, and it was found

that the surface texture for different samples, for example, reaction No. 1(Fig 3.48) and

No.7 (Fig.3.49) in table 3.16, was very different. The SEM pictures show that the particle

size in the materials was reduced as the amount of carbonate increased.
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Fig.3.48 SEM of (molar ratio = 10:1) ferrocyanide-carbonate

exchanged Mg 2Al(OH)6 C1 (scale bar = 1 pm)

Fig.3.49 SEM of (molar ratio = 1:10) ferrocyanide-carbonate

exchanged Mg 2Al(OH)6 C1 (scale bar = 1 pm)
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3.5 Conclusions and Suggestion for Further Studies

3.5.1 Conclusion

1. There are two different ferrocyanide peaks in FTIR spectrum of ferrocyanide-

treated LDH, due to a) replacement of the anion in the LDH framework yielding

ferrocyanide-formed LDHs; b) reaction with LDHs forming a new solid material,

indistinguishable form authentic cubic M 2MgFe(CN)6 , in which the ferrocyanide is in a

distinct, fully octahedral environment.

2. There are several factors affecting the interaction of ferrocyanide with LDHs:

I) amount of ferrocyanide.

ii) pH conditions. Intercalation of ferrocyanide is enhanced relative to

cubic material, with the increase of pH of environment for exchange, and intercalated CN

species dominated in the LDH material when pH > 6.

iii) reaction time. The longer the reaction time, the more intercalation there

will be; however, the intercalation will almost reach saturation when the exchange time

extends beyond 2 weeks.

iv) cation. Different cations will also affect the intercalation of

ferrocyanide into the LDHs as compared to formation of cubic material, such as, the K

salt favors intercalation more than the NH4 salt. It is not known to what extent this is

actually a pH effect.

3. carbonate intercalates more strongly than ferrocyanide into LDHs and carbonate

may be supported by hydrogen bonding.
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4. There are two concentration effects: (I) low concentrations favor intercalated

over octahedral ferrocyanide, (ii) at very low concentration, the "intercalated" peak loses

its characteristic shape, which is caused by the splitting of the TI mode. This shows the

existence of a different kind of site.

5. During intercalation, the microstructure of LDH materials changes.

3.5.2 Suggestions for Further Studies

There are many questions that remained unsolved in the titled work. For example,

which organic species can also intercalate into LDHs, in what form do they exist, and

how can they affect the layer structure of the materials? What is the thermal stability of

intercalated material? How will the temperature affect the intercalation of ferrocyanide,

and what are the dynamic characteristics of this exchange reaction? Besides, some other

basic methodology could also be worthy of study, for instance, how to use ICP to detect

the concentration of ions in the solution, which will be greatly helpful to further

understanding the thermodynamic properties of exchange reaction; thermal treatment

(monitored by TGA) followed by intercalation of desired anions,which could lead to

some unexpected material which can not be obtained by the usual method.

It might be interesting to expand the work into some application fields. One of the

promising topics would be potential use in liquid-solid heterogeneous catalysis, which is

less studied than gas-solid catalysis. According to the LDH's unique properties, base

condition and layered structure, it has the capacity to intercalate various species into its

layers. Moreover, under appropriate condition the inside species could diffuse out from

LDH. This provides a possibility to develop some kind of catalysts which pick species
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from and release the products back to the solution. It could be a catalyst for the famous

formose reaction, for condensation or polymerization of formaldehyde, which might be

very closely related to the origin of life. The other interesting area would be collection or

gathering of materials from a solution. As LDHs are able to intercalate species from

solution, one potential application would be recovering valuable materials or removing

harmful species from waste or recycled water. LDH could then be decomposed by acid

treatment to recover desirable trapped materials. And since those exchange or

intercalation are sometimes reversible, it may be possible to recycle suitably designed

LDH materials. In this study, without doubt, the capacity of absorption of LDH, the

maximum quantity of absorption or the lowest limit of concentration of species which

would remained in the solution (efficiency of absorption) and even how to reduce the cost

of material used (functionality of method) will be among the hottest or most interesting

topics.

There are also many other related interesting and important topics, such as design,

synthesize and study of different kinds of LDHs by using other practical metals;

electrochemical process or behavior of intercalation in various systems; photochemistry

of LDHs, and photo-effect of LDH-catalyzed systems. It is expected that all of the

promising studies in this area will lead to increasing interest in general, and result in more

and more understanding toward topic of the origin of life in particular.
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