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ABSTRACT

MESOSTRUCTURE ASSEMBLY IN TWO DIMENSIONS: SYNTHESIS,

CHARACTERIZATION AND CATALYTIC APPLICATIONS OF ACIDIC POROUS

CLAY HETEROSTRUCTURES

By

Mihai Polverejan

Environmental concerns have raised a great deal of interest in the

substitution of traditional acid catalysts such as aluminum chloride, sulfuric and

hydrofluoric acids with solid-state alternatives, particularly microporous pillared

clays and mesoporous molecular sieves. The recently reported new class of

solid porous materials known as porous clay heterostructures (denoted PCH)

shows promising acidic properties for catalytic organic conversions. Presented

here is a comprehensive study on the synthesis, characterization and catalytic

activity of a new porous clay heterostructures derived from synthetic saponite.

These mesostructured intercalates have been prepared through the

surfactant - directed assembly of mesoporous silica within the galleries of the

layered aluminosilicate. The removal of the intragallery mixture of neutral alkyl

amine and quaternary ammonium ion surfactant (0*) by calcination afforded

PCH intercalates with basal spacings of 33 - 35 A, BET specific surface areas of

800 - 920 m2 g", and pore volumes of 0.38 - 0.44 cm3 9". The framework pore



sizes were in the super - micropore to small mesopore region ~15 - 25 A.

Temperature - programmed desorption of chemisorbed cyclohexylamine (CHA)

indicated the presence of both weak and strong acid sites, corresponding to

desorption temperatures near 220 and 410 °C, respectively. The total acidity

(0.64 - 0.77 mmole CHA 9") increased with the saponite layer charge density,

indicating that the acidity is correlated with the number of protons balancing the

clay layer charge after calcination. Grafting aluminum into the gallery silica by a

post-synthesis treatment can significantly enhance the acidic character of the

saponite derivatives. The high acidity, structurat stability to 750 °C, and

supermicroporous to small mesoporous pore structure were verified by

employing these PCH materials as catalysts for FriedeI-Crafts alkylation and

cumene cracking reactions.
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Chapter 1

Introduction

1.1 Classification of Porous Materials

In general, nanoporous materials are solids with an accessible open

space in the 1-10nm range. In describing porous materials the IUPAC has

defined 3 size domains:1 micropores < 2nm, mesopores 2 - 50 nm and

macropores > 50nm. Thus the nanoporous regime spans the traditional

midmicropore to lower mesopore size range. Inorganic macroporus solids are

well known as porous gels2 or porous glasses;3 these substances generally

possess relatively broad pore size distributions due to their amorphous

structures. Their typical applications are in the field of adsorption processes, for

example chromatography or catalyst supports.“'5 Meso and macropores are

usually associated with materials that are finely divided or structurally disordered

(amorphous). Therefore meso and macro porosity often are consequences of

the texture of a material. Zeolites and their related compounds exemplify the

microporous solids. Zeolites are aluminosilicates with a periodic three-

dimensional framework structure containing voids (Figure 1.1). Related



components posses similar structure but differ in chemical composition of the

framework (aluminophosphates). Due to the periodicity of the structure of these

crystalline solids they exhibit a very narrow pore size distribution. This is

important for their size specific application in absorption, molecular sieving and

shape selective catalysis?“8 The open framework structures are used as nano-

9-11
sized reaction vessels or as hosts for controlled construction of assemblies of

12.13 14-16

metal and semiconductor clusters of organic molecules or for

polymerization reactions leading possibly to molecular wires in the case of

conducting polymers.17 Exciting applications have been proposed for these

materials such as in nonlinear optics”, as devices in electronic, optical

computing and image processing19 or as pigments.

The outstanding properties of zeolites and related compounds have made

these materials one of the most important research subjects in solid-state

chemistry for the last two decades.2°‘22 The major drawback for their use is their

limited pore size, which excludes larger molecular entities from the size specific

processes occurring in the voids of these materials. Since the first applications

of zeolites have been established, an urgent need has been developed for solids

with well define pore sizes larger than the 7A diameter window occurring in X/Y

or ZSM zeolites. Typical extensions of current uses of zeolites include the

catalytic cracking of heavy oil fractions. Aluminosilicate zeolite Y is currently

being used with an enormous impact in the oil-refining industry as a cracking

catalyst for the “middle distillates” in order to convert these to



   

 

 

  
- Sinusoidal

' "'Channels 

Straight

Channel

Figure 1.1: A) Three-dimmensional channel system of the ZSM-5 zeolite

structure consisting of two types of channels; sinusoidal and straight

channels. B) “Stick “model of the structure of ZSM-5 zeolite; a perspective

view down the straight channels.



gasoline?“26 However their restricted pore size excludes the larger hydrocarbon

molecules from highly selective intra-pore cracking processes.

Zeolite-like compounds with a pure silicate framework (zeosils), exhibit a

high efficiency in selectively sorbing organic hydrophobic pollutants from

wastewaters. Increased pore size might extend the use of pure silicate

frameworks to larger molecules, for example to the adsorption of toxic

polychlorinated biphenyl’s from chemical products or of traces of herbicide and

pesticide molecules from drinking water.27

Metal porphyrin complexes have been incorporated into zeolite void

structures and molecular microstructures consisting of several redox active

organic and inorganic species have been generated on zeolite host systems10

providing immobilized enzyme mimics28 or models of biochemical electron

transfer chains.”29 Again, larger pores would allow a much better fine-tuning of

such structures.

The fact that most of the imagined uses of mesoporous solids are

extensions of applications of zeolites means that the mesoporous regime of most

interest is located at the lower end of the IUPAC definition.

Three different approaches have been taken to prepare materials with

larger pores. First is the controlled intercalation of spacers between the layers of

lamellar solids.3°'31 Then, in a method disclosed by Mobil researchers”,

surfactant liquid crystals were used to direct the assembly of an inorganic

precursor. Finally, a new class of materials denoted porous clay heterostructures

(PCH’s)33 was made by using intercalate surfactants for the templated synthesis



of nanostructures within the interlayer spaces of clays. Using these methods,

materials with pores covering the entire range from microporous to mesoporous

can be synthesized.

1.2 Lamellar solids

Solids with layered structures possess basal planes of atoms that are

tightly bonded within the planes but relatively weakly bonded in the direction

perpendicular to the planes. The asymmetric bonding interactions translate into

greatly different physical properties for the material in the in-plane and out-of-

plane directions. The weakly interacting region between the stacked units is

usually referred to as the “interlayer" or “gallery" region. When the layers are

electrically neutral, as in graphite or FeOCI, the galleries are empty and the basal

planes of the adjacent layers are in van der Waals contact. Neutral guest

molecules often can be incorporated between the host layers to form regularly

intercalated derivatives. The incorporation of neutral species into the van der

Waals gap typically is accompanied by electron-transfer reaction between the

molecular guest and the layered host.34 The free energy change associated with

the electron transfer step provides much of the driving force for the intercalation

reaction. In several classes of lamellar solids, the layered units carry a net

electrical charge.35 These include smectite clays, layered double hydroxides, and

Group 4 metal phosphates. To achieve an electrically neutral structure,

counterions, usually solvated by water or other polar molecules, occupy the

5



gallery region between the layers. Thus, ionic lamellar solids qualitatively

resemble the conventional intercalation compounds formed by electron-transfer

reactions between neutral guest and layered host precursors. The difference,

however, is that in ionic lamellar solids, charge separation between gallery ions

and the layers is complete, whereas in conventional intercalates the extent of

charge transfer between guest and layered host is seldom complete.

Consequently, ionic lamellar compounds can justifiably be described as

intercalation compounds, although in practice they are not formed by electron-

transfer reactions. Instead they simply crystallize, complete charge separation

between the gallery species and the host layers being a distinguishing feature of

their structure. Owing to their nanoscale periodicity, ionic lamellar solids give rise

to very large intracrystalline surface areas of several hundred square meters per

gram or more. However, in most cases the gallery surface area is accessible

only to water and other small polar molecules that are capable of solvating the

gallery counterions and the charged layers surfaces. Removing the solvating

molecules by outgassing at elevated temperatures results in the recollapse of the

galleries, especially if the intercalated counterions are small relative to interstices

occupied by the ions on the gallery surfaces. If the counterions are relatively

large, they can function as molecular props or “pillars” and thereby prevent the

galleries from collapsing completely when the solvating medium is removed

(Figure 1.2). Ideally, one would like to tailor the gallery structure on a length

scale that would allow the accommodation of organic and inorganic molecules for

molecular assembly and, perhaps, catalytic chemical conversions. Pillaring



reactions of a lamellar host are an important route to achieving these desired

structural modifications.36 A material is considered pillared when the gallery

species are sufficiently robust to prevent gallery collapse upon dehydration and

laterally spaced to allow interpillar access by molecules at least as large as

nitrogen. There are currently three main types of layered material that are used

for pillaring, namely smectite clays, layered double hydroxides, and phosphates

and phosphonates of tetravalent metals.

Clays are naturally occurring three-layer sheet silicates. The sheets are

formed of two layers with tetrahedrally coordinated atoms surrounding a layer

with octahedrally coordinated atoms. The whole structure carries a net negative

charge resulting from substitutions in either the tetrahedral (Al+3, Fe+3 for Si“) or

the octahedral (Fe+2, Mg+2 for AI”, Li+ for M912) layer. This negative charge is

compensated by interlayer cations, which in natural smectite clays are alkali or

alkali earth ions (Figure 1.3). In the case of smectite clays, the net negative

charge of the layer is rather small; the clay can then easily swell in water. After

swelling, the interlayer cations may be exchanged for larger oligomeric cations,

for example the Keggin ion [Al1304(OH)24(H2O)12+7 (“Al12,”)37'38 or the zirconyl

cation [Zr(OH)2(H2O)4]4*8.39"° These cations are present in solutions of the metal

ions under appropriate conditions of pH, concentration and temperature.

Subsequent calcination of the exchanged clay at elevated temperatures, e.g.

500°C, dehydrates the pillars and establishes stable links between them and the

layers. Because the ion exchange capacity, i.e. the number of cations necessary
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Figure 1.2: Schematic illustration of the pillaring process.



 

 
Figure 1.3: The ideal smectite structure. The clay layer consists of an

octahedral sheet, which is sandwiched through covalent bond formation

between two tetrahedral sheets. Negative charge develops on the clay layer

when ions of lower valency are substituted into the clay structure. Electrical

neutrality is maintained by cationic interlayer M'1+ species.



for charge compensation, is small, a porous material with space left between

pillars is obtained (see Figure 1.4 A).

Pore size distributions derived from sorption data of materials prepared in this

way shows that the majority of pores are in the microporous range <10A, as may

be expected due to the rather small pillars. However, these compounds also

exhibit mesopores with a rather broad size distribution between 20 and 200A.

The mesoporosity in these compounds may be traced back to a disordered

arrangement of stacked layers as depicted schematically in figure 1.4 B. During

swelling and ion exchange the clay delaminates to form small-layered packages

or single layers. Upon drying after the pillaring reaction, these layered packages

arrange themselves as shown, leaving open spaces between them. Even non-

pillared clays are capable of forming such textural mesopores. Another

possibility for the formation of mesopores arises from the bending of the layers.

Both types of mesoporosity, however, are generated in an uncontrolled process

and there is no simple way of controlling the pore shapes or sharpening the

resulting pore size distribution.

Controlled interlayer mesoporosity through pillaring has been tackled by

the use of larger pillars.41 Enlarged interlayer distances were indeed observed in

the pillared clays. However, sol particles are usually spherical (or nearly so), so

that, as they enlarge the height of the interlayer galleries, they also fill up the

lateral interlayer space. Large, elongated (“slim”) pillars tend to incline with

respect to the layer surfaces (Figure 1.5 A). It may be possible to overcome this

10



 Microporosity
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Figure 1.4: The approach to mesoporosity via pillaring of layered solids: A) In

most pillared solids, the interlayer regions contain only micropores. B)

Mesoporosity is usually connected with a disordered arrangement of layered

aggregates (tactoids).
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Figure 1.5: Approaches to mesoporosity via the pillaring of layered solids. A)

Attempts to use large elongated pillars to create interlayer mesoporosity may

fail because the pillars are inclined with respect to layers. B) Post-intercalating

organic compounds that can be removed upon calcination can prevent this

failure. Stable links between pillars and layers are formed. C) Another

possibility is the intercalation of pillars with end groups that act as bases for

separating the pillars.



problem by the post-intercalation of suitable organic molecules that might serve

to keep the pillars upright. During calcination, when stable links are being

established between the layers and the pillars, the organic burns off, leaving

behind a pillared solid with increased interlayer spacing (Figure 1.5 B). Another

way to achieve interlayer mesoporosity requires elaborate control of the shape of

pillar, which is equipped with large end groups that function as “bases” so that

the pillar cannot adopt an inclined position (Figure 1.5 C). So far, this approach

seems to be feasible only for zirconium phosphonates."'2'43

Another important class of layered solids consists of layered double

hydroxide (LDHs). The structure of these compounds is based on that of

Mg(OH)2, brucite. In brucite, magnesium ions occupy the octahedral sites

between each second layer of close packing of hydroxide ions, thus giving rise to

layer sequence OH-Mg-OH-OH-Mg-OH in the direction perpendicular to the

layers. Mg(OH)2 layers are neutral but substituting some of the divalent Mg+2

ions by trivalent ions, e.g. Al“, gives rise to positively charged layers. The

interlayer gaps are filled by charge compensating anions (often carbonate and/or

hydroxide) and water. A typical LDH is the mineral hydrotalcite,

[MgsAl2(OH)16]CO:,.4H2O. LDH can be prepared with many different

combinations of di and trivalent cations, e.g., F912, Niz”, Zn”, Cr“, Fe”, and the

ratio of divalent to trivalent metal ions can vary in a broad compositional range.

The most important property of LDHs is the fact that they are anion exchangers,

and these compounds have been termed anionic clays.“ Most of the inorganic

ion exchange active compounds such as zeolites, clays and others are cation

13



exchangers“, and thus LDHs play an outstanding role in that regime. Besides

that, they have (potential) applications in catalysis“, as sorbents and as

pharmaceuticals, eg. as antacids. Although the possibility of pillaring LDHs has

been demonstrated47'48, this chemistry is still in its infancy. The fact that among

the oligomeric oxo/hydroxo ions many more anions than cations are known

makes the extension of the pillaring approach from clays to LDHs very promising.

The thermal stability of the hydroxides, however, is reduced in comparison to that

of aluminosilicate clays. This shows up, for example, in the fact that calcining an

LDH under conditions were clays are stable leads to an amorphous solid.

Astonishingly enough, the double hydroxide layer is restored from their

amorphous oxide after rehydration.

The third important class of pillared layered solids is based on the

expansion of the interlayer space of the phosphates Me(HPO)2..nH2O of

”'49“ In these compounds thetetravalent metals (Me) such as Ti, Zr and Sn.

oxygen atoms of the phosphate ions octahedrally coordinate the metal ions. The

protons of the [HPO4]2' group project into the interlayer region, which is filled with

water. Typical substances capable of intercalating into the acidic interlayer

regions of the layered phosphates are organic amines. Pillaring agents such as

the Keggin ion Al13 do not intercalate directly but enter the gaps only when the

layers have been spread apart by pre-intercalation with amines.“52 This

procedure leads to porous materials with a 20—30A range.

Another approach to pillaring dense layered metal oxides and silicates

converting them into high surface area molecular sieves with large interlayer
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separations was developed by Landis et al.53 This procedure is applicable to a

wide variety of layered phases and allows for the engineering of microporous

materials with diverse composition and physical properties. The pillaring

procedure developed for smectite clays is not generally applicable to the wide

variety of laminar metal oxides that do not spontaneously delaminate in water. It

has been found that pillaring could be facilitated by utilizing a preswelling step in

which the interlayer is exposed to organoammonium ions. According to

procedures developed earlier, layered metal oxides54 and silicates55 have been

intercalated with an aqueous solution of long-chain organoammonium salt or

amine. An organic pillar precursor such as tetraethylorthosilicate (TEOS) is then

absorbed into the organophilic interlayer region, where it was converted to a

metal oxide pillar. Typically, the organoammonium ion exchanged product was

stirred with excess TEOS for 1 — 3 days at 25 — 80 °C, filtered and dried. The

final microporous material is obtained by calcination for several hours in air at

540 °C. The water, the preswelling organoammonium ion and the organic

byproduct from TEOS hydrolysis are removed, affording the silica-pillared

product. This procedure has allowed preparation of porous materials from a wide

variety of layered oxides including alkali titanates, alkali metal-substituted

titanates56 Ax[MTi]2O4 and layered silicates such as magadiite Na2Si7015 and

kenyaite K2Si14O29.

The ability to controllably modify chemical composition as well as pore

size provides the flexibility to tailor catalysts for specialized end uses. The

catalytic potential of these materials is actively being explored.”59
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1.3 Mobil’s Ordered Mesoporous M418 Materials

A giant stride forward into the ultra-large pore size range of 15-100A has

been recently disclosed32"5°'61 by Mobil researchers in the patent and open

literature, with the creative use of surfactant liquid crystal templates. These

consist of hexagonal or cubic close packed aggregates of cylindrically shaped

micelles, being composed of surfactant molecules containing hydrophobic alkane

chains, hydrophilic hydroxyl and/or halide anions.”62 These micelles effectively

serve as “massive templates” for the creation of ultra-large cylindrically shaped

pore”, zeolite and molecular sieve-like structures (Figure 1.6). By judiciously

selecting the alkyl chain lengths of the surfactant, the solution chemistry, and the

use of auxiliary organic molecule fillers, the effective diameter of the cylindrical

micellar aggregates can be adjusted to yield ultra-large pore zeolite like structure

with diameters in the range of 15-100A.

A typical Mobil preparation of MOM-4132 involves an aqueous solution of

cationic surfactant, such as cetyltrimethylammonium chloride, partially

exchanged for OH-(CIBH33(CH3NOH/CI) over an ion-exchanged resin. The

surfactant concentration of this solution was approximately 25 wt%, much larger

than the critical micelle concentration (cmc) necessary for the formation of rod-

Iike micelles (~11-25 wt%).
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The sources of silica varied from sodium silicate, amorphous fumed silica,

colloidal silica to tetraethylorthosilicate (TEOS). In some cases aluminum

substituted analogs were prepared by using alumina sources selected from the

group of sodium aluminate, aluminum sulfate and pseudoboehmite. Following is

a typical reaction mixture composition for the preparation of MCM-41 (expressed

in moles):

1.0 SiO2: 0.03 Al203: 0.007 Na2O : 0.183 (CTMA)2O : 0.156 (TMA)2O : 23.5 H2O

The addition of tetramethylammonium hydroxide (TMAOH) was most likely

dictated by the need for a base capable of dissolving the amorphous silica

source. The preparation procedure consists of mixing the inorganic precursors

with the template solution and autoclaving the mixture at temperatures between

100 to 150°C for a period of time from 4 to 144 h. The crystalline product is

recovered by filtration, air-dried and heated in a N2 atmosphere at 550°C for 1 h

followed by calcination in air at the same temperature for 6 h. Transmission

electron microscopy shows the regular hexagonal array of uniform channels

characteristic of MCM-41. A representative electron diffraction pattern, with

MOM-41 in the same orientation confirms the periodicity of the structure (Figure

1.7). For the sample described above, an interplanar spacing dmo = 40 A has

been observed.

MOM-41 identifies a subclass of the mesoporous silica that contains one-

dimensional cylindrical pores packed into a hexagonal array. Cubic MOM—48 and

lamellar MOM-50 mesophases have also been identified and are consistent with

liquid crystal phases known to exist in pure surfactant/water mixtures.
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Figure 1.7: TEM image of calcined MOM-41 silica molecular sieve with 3.3 nm

diameter.
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Figure 1.8: Powder X-ray diffraction patterns of M418 silicas. (A) calcined

hexagonal MOM-41, (B) calcined cubic MOM-48 and (C) as made lamellar

MOM-50.
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Characterization of the mesophases formed in M418 silicas is conclusively done

with powder X-ray diffraction. Their powder X-ray diffraction patterns show at

least three diffraction peaks (d100, duo and d2oo) that can be indexed to the

hexagonal unit cell with a unit cell parameter a0 = 2d1ool'3'“2 (Figure1.8 A).

MOM-48 and MOM-50 also show X-ray diffraction patterns characteristic of the

long-range symmetry of the mesophase (Figures 1.8 B and C). Generally, both

electron and X-ray diffraction pattern shows only a few low order members of the

hk0 subset of hexagonal reflections. The BET surface area64 of these

compounds is >1000 m2 g“1 with exceptionally high sorption capacities.32 The

range of pore volumes for MOM-41 samples is 0.7-1.2 cm3 gm". Figure 1.9

shows the N2 adsorption isotherms and pore size distribution for this material.

Pore size distributions are calculated from the adsorption branch of the isotherm

using various models. Originally Mobil modeled their pore sizes using the model

of Horvath and Kawazoe. This model (Figure 1.9 inset) has been shown to

accurately determine the average pore diameter of cylindrical mesopores of less

than 5.0 nm in diameter even though it was originally proposed as a model for

microporous materials with slit-like pore geometries.65 The morphology of MCM-

41 depends on the synthesis conditions, but it is possible to obtain relatively

large (2pm) hexagonal prisms of MOM-41. The nature of the ordering in the

walls of MOM-41 - that is, the degree to which the atoms are precisely ordered is

not fully understood. The C/N molar ratio for as-synthesized 016-based MOM-41

is 19, which is consistent with the surfactant remaining intact.
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Along with the change of the surfactant chain length, another way of altering the

pore diameter of MCM-41 is to add auxiliary hydrocarbons such as alkylated

benzene (for example 1, 3, 5 trimethylbenzene), to the synthesis mixture.60 The

incremental addition of 1, 3, 5 trimethylbenzene results in the concomitant

increase of dwo and the pore diameter. Hexagonal phases with pore diameter up

to 100A have been characterized.

The observed dependence on alkyl chain length and the influence of

auxiliary organic molecules on the resultant inorganic product are also consistent

'with two phenomena observed for liquid crystals. The diameter of the hexagonal

liquid crystal phases prepared with ionic surfactants depends on the alkyl chain

lengths of the surfactant. Organic species may be solubilized inside the

hydrophobic regions of micelles, causing an increase in micelle diameter.

Reagents soluble in micellar solutions can increase the porosity of amorphous

adsorbents. These similarities suggest that these mesoporous molecular sieves

are formed by a liquid-crystal templating mechanism.32 In this mechanism,

inorganic material occupies the continuous solvent (water) region to create

inorganic walls between the surfactant cylinders. It may be that encapsulation

occurs because anionic silicate species enter the solvent region to balance the

cationic hydrophilic surfaces of the micelles. Alternatively, it may be the

introduction of the silicate species themselves that mediates the ordering. Once

an ordered array is established, subsequent thermal processing is used to

remove the organic material and produce a stable molecular sieve. Stucky and

coworkers66 elaborated on the mechanism put forth by Mobil for the formation of
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MOM-41 and identified three important processes. One, there exists

multidentate binding between silicate oligomers and the cationic surfactant head

groups resulting in two, the favored polymerization of the silicate species at the

micelle interface. Three, as the polymerization proceeds, charge density

matching occurs between inorganic and organic phases resulting in interfacial

surface curvature dependent on the organic to silica ratio. Initially, when the

silica reacts with the cationic micelle, the interface of the micelle decreases in its

surface curvature due to the shielding effect that the silica imparts to the

surfactant head group and due to the decrease in repulsive forces between head

groups at the interface. As condensation and polymerization of the silica matrix

occur, the charge density of the silica species decreases. As a result, the

repulsive forces between the head groups increase which coupled with an

increase in size of the oligomeric silica species interacting with the surfactant,

results in an interface with increasing surface curvature. The final mesophase

formed is directly dependent on the ratio of silica to surfactant. Further work by

Davis67 showed that during the formation of MOM-41, the assembly mechanism

did not include the formation of the liquid crystal phase prior to addition of the

silicate, thereby discounting the first of the two routes Mobil initially offered as a

potential mechanism. The liquid crystal pathway, however, has been

successfully used to form numerous mesostructured materials, including

mesostructured platinum metal.”69

From the standpoint of a range of basic scientific issues and technological

applications, this discovery of ultra large-pore silicates, aluminosilicates and
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aluminophosphates must be considered a landmark in the history of the

synthesis of zeolite and molecular sieve type materials. Presumably one can

tune the pore sizes and even dimensionality further by the appropriate choice of

“secondary” chemistry involving the aluminum sites and/or the surface hydroxyl

groups on the inside of the walls or the cylindrical channels, following removal of

the micellar template. These ultra large-pore materials have tremendous

potential for very large molecule size and shape selective catalysis, gas

adsorption and separation, as well as advanced materials for future nanoscale

device applications.

The 613 A pore size barrier of known zeolite and molecular sieve type

materials has been dramatically broken by the discovery of the ultra large-pore

70,71) range
size materials. The 6 to hundreds of A (mesostructured cellular foams

of window and channel spaces now available expands the kinds of host-guest

inclusion chemistry accessible to the nanochemist. This provides an

unprecedented opportunity to make interesting and significant contributions to

the world of organized nanomaterials for various kinds of nanoscale device

applications. The future of the field of nanochemistry, based on these kinds of

ultra-large pore materials, looks very bright.

Many results in this research area have been reported, such as various

synthesis and formation mechanisms for the M418 family (MOM-41, MOM-48,

MCM-50)32'66'67'72‘85. Other examples include the synthesis of silica and alumina

mesoporous materials with non-ionic surfactantsas'”, of high aluminum MCM-

418”°, of mesoporous materials by using layered silicates72 and of various metal
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substituted (Ti, v, B, Mn, Fe) MOM-41 or MCM-48.82'34'85'9‘"°7 A generalized

synthesis method has been developed for a wide range of transition and main

group element oxide mesostructured materials with cationic and anionic

66,108,109

surfactants, by using acidic and basic media (SBA -1, 2, 3) , with low

surfactant concentration and low reaction temperatures.

1.4 Porous Clay Heterostructures

Recently”, a new route to mesoporous molecular sieves was reported

through the use of intercalated surfactants for the templated synthesis of

structures within the interlayer spaces (galleries) of clays. The designated

material was called a porous clay heterostructure (PCH). The approach to

designing porous clay heterostructures is based on the use of intercalated

quaternary ammonium cations and neutral amines as co-surfactants to direct the

interlamellar hydrolysis and condensation polymerization of neutral inorganic

precursor (for example tetraethylorthosilicate, TEOS) in the two - dimensional

galleries of 2:1 mica - type layered silicate with high charge density, such as in

fluorohectorite, rectorite, and vermiculite. The idea was to replace the inorganic

ions of a clay like fluorohectorite with surfactant alkylammonium ions and then to

further swell the gallery by co-intercalating a co-surfactant (a neutral amine)

forming lipid by-Iayer arrangement inside the gallery. TEOS was then added to

have the gallery restructured to a micellar structure. The gallery pores are a

consequence of the supermolecular assembly and not a consequence of a
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pillaring process. Removal of the surfactant by calcination generates porous

products (Figure 1.10).

In a typical PCH synthesis, Li+fluorohectorite (Li+FH) was converted to a

quaternary ammonium exchanged form (O+-FH) by ion exchange with a two fold

excess of aqueous [C16H33N(CH3)3]+CI'. The intercalate was then washed

free of excess surfactant, and air-dried. Mixtures of the hydrated QT'FH (~7 H20

per 020F4 unit cell), neutral amines and TEOS at different stoichiometric ratios

were allowed to react for 4 h at ambient temperature. Under these stoichiometric

conditions the galleries are swollen by the co-templating amine and are readily

accessible to TEOS. Also, the extra gallery water concentration is low, as judged

by the water content of the amines (~0.4 wt%). Thus the base catalyzed

hydrolysis of TEOS is much faster in the clay galleries than in solution,

minimizing the formation of extra gallery silica. The resulting intercalates were

centrifuged, dried in air to further promote intragallery TEOS hydrolysis and then

calcined at 600°C to remove the templating surfactants. Two or more orders of

(001) X-ray reflections, indicating layered structures, were observed for all

products. Furthermore, the crystallinity of the air-dried templated heterostructures

was better than that of the calcined PCH’s. Depending on the chain length of the

exchange cation and neutral amine co-template, the gallery height could be

varied from 14.9A (hexylamine) to 24.0A (dodecylamine). Nitrogen BET surface

areas for PCH materials synthesized using different 0+ and neutral amine co-

surfactants ranged from 470-850 m2/g. A typical nitrogen isotherm of these
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materials shows at a low partial pressure a beginning of a step, which fitted to the

H-K model gives an average pore size of about 21 A (Figure 1.11). The length of

the carbon chain in the surfactant or co-surfactant is strictly correlated with the

final pore dimension and it can vary from 15 to 22 A. What we have here is a

porous material with a pore size intermediate between what we call a

supermicroporous (bigger than 10 A) and small mesoporous (lower than 25 A).

The gallery height for the air-dried samples increases with chain length of the

alkylamine. On calcination of the samples at 650°C there is a slight contraction in

the gallery height due to the loss of intragallery water, loss of the template and

dehydroxylation of the silica mesostructure. The relationship between PCH pore

size distribution, chain lengths of the templating surfactants and the reaction

stoichiometry support a templating mechanism analogous to structure-directed

M418 mesostructure syntheses.

Because of the complementary chemical functionality of the layered and

gallery-templated components and stable pore size distributions in the

supermicropore to small mesopore range (14-25 A), porous clay heterostructures

formed by gallery-templated reactions of layered silicate clays offer new

opportunities for the rational design of heterogeneous catalyst systems. Also,

PCH materials bridge a potentially important pore size region between

microporous zeolites and pillared clays, and M418 mesostructures. Heavy crude

oils, biological molecules and other large macromolecular species can be

accommodated in PCH galleries for shape selective processing or catalysis.

These materials may also find important applications in molecular separations,
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particularly biological molecules and pre-polymers and oligomers in the super

micropore to small mesopore range.

Therefore, the porous clay heterostructure syntheses set forth here

represents a novel strategy for obtaining nanoporous molecular sieves. In some

respects PCH synthesis is similar to conventional pillaring reactions of lamellar

solids. But, whereas pillared clays are formed by the insertion of dense

nanoscale aggregates into the galleries of the layered host, the new intragallery

templating process involves in situ assembly of surfactant-inorganic precursor

nanostructures, the morphology of which is determined by the collective

energetics of the inorganic and organic species as they assemble together.

1.5 Research Objectives

Many of the same ionic surfactants used for the assembly of

32-914") and related bulk phases111 canmesostructured molecular sieve catalysts

be intercalated in a variety of layered host structures.73 Previous studies recently

demonstrated that some of these mesostructure - forming surfactants retain their

structure directing properties when intercalated in the galleries of smectite clays.

In a manner quite analogous to bulk mesostructure formation, the intercalated

surfactants direct the assembly of an open framework metal oxide (silica)

structure within the constrained gallery regions of the layered host.” The

resulting porous intercalates are referred to as porous clay heterostructures

(PCH).
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Due to its high charge density and homogenous layer charge distribution

synthetic fluorohectorite is one of the few available layered hosts suitable for PCH

formation. However, even this clay proved to have some disadvantages.

Synthetic fluorohectorite is obtained from molten fluxes and is unstable with

respect to calcination (partial defluorination) at 350 °C. Most of the known

synthetic clays have a low layer charge density, a feature that makes them

unsuitable for supramolecular assembly of surfactants in the gallery. Natural clays

posses a very heterogeneous layer charge distribution, which is also undesirable

for intra-gallery assembly. Consequently, more readily accessible synthetic

smectite clays with high layer charge density are needed to fully develop the

chemistry of PCH materials.

The first objective of my research is the synthesis of new clays for future

use as layered hosts in the PCH synthesis. The intragallery space of organoclays

depends on the smectite clays layer charge density and on the structure of the

surfactant onium ion.35 The orientation of the onium ion is strongly dependent on

the charge density, high d-spacing organoclays being formed for smectites with

high layer charge density. Since the intragallery orientation of the surfactant is a

major factor, a successful PCH synthesis can be achieved only by employing a

high charge density smectite as a starting reactant. Therefore, a new approach

to high and uniform charge density smectite synthesis is needed.

In order to obtain a more suitable PCH precursor this approach must fulfill

certain requirements. The new clay should be readily available and made with

affordable reagents at relatively low temperatures under hydrothermal conditions.
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Also, this new material must possess intrinsic acidity, feature very desirable for a

future catalyst.

Synthetic saponites are the clays that seem to meet these needs. They

can be made within a short period of time (20 hours), using available reagents

(AI(OH)3, 8i02, NH4OH etc.) at low temperatures. Their acidity is determined by

the Al-Si substitution in the tetrahedral layer. They have already been

successfully used as catalysts in few reactions such as cracking of n-dodecane

and benzene alkylation with propylene.

Another objective is the synthesis, characterization and catalytic activity of

the new saponite mesostructured derivatives. PCH materials offer new

opportunities for the rational design of heterogeneous catalyst systems, because

the pore size distributions are in the supermicropore to small mesopore range

(14-25 A) and chemical functionality (e.g., acidity) can be introduced by adjusting

the composition of the layered silicate host. The approach to designing PCH

materials is based on the use of intercalated quaternary ammonium cations and

neutral amines as co-surfactants to direct the interlamellar hydrolysis and

condensation polymerization of neutral inorganic precursor (for example,

tetraethylorthosilicate, TEOS) within the galleries of an ionic lamellar solid.

In alumina - pillared form saponite is an effective solid acid catalyst,"2'113

but its catalytic utility is limited in part by a pore structure in the micropore

domain. The PCH form of saponite should be much more accessible for large

molecule catalysis. Accordingly, Friedel-Crafts alkylation of bulky 2, 4-di-tert-

butylphenol (DBP) (molecular size (A): 9.5x6.1x4.4) with cinnamyl alcohol to
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produce 6,8-di-tert-butyl-2, 3-dihydro[4H] benzopyran (molecular size (A):

13.5x7.9x 4.9) will be used as a probe reaction to test the mesoporosity of our

SAP-PCH. This large substrate reaction also was selected in part because only

mesoporous molecular sieves are known to provide the accessible acid sites for

catalysis.114 Conventional zeolites and pillared clays are poor catalysts for this

reaction because the reagents cannot readily access the small micropores.

In order to test the Bronsted acidity of our new materials they will be used

as catalysts for the cumene cracking reaction. The acidic character of the

saponite derivatives can be further enhanced by a post synthesis treatment in a

manner quite analogous to the alumination of MOM-41 ."5'1‘7
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Chapter 2

Hydrothermal Synthesis and Characterization of

Saponite, a Trioctahedral Smectite Clay

2.1 Abstract

A new method for the preparation of three saponite compositions is

reported here. This clay is readily available and made with affordable reagents

under hydrothermal conditions (175 °C) from sodium metasilicate, magnesium

nitrate and sodium aluminate for periods of about 18 hours. The reaction

stoichiometries were targeted at unit cell compositions of Nax[Mge](8i8.

xAl,,)O2o(OH)4 -nH2O with x = 1.2, 1.5, and 1.7. These charge densities were

selected so that sufficient quaternary ammonium ions (denoted 0+) and a neutral

alkyl amine co-surfactant could be subsequently incorporated into the galleries

for PCH formation. The resulting reaction products were designated SAP-1.2, -

1.5, -1.7, respectively.
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2.2 Introduction

Clays are the most abundant minerals found at the earth’s surface. Not

surprisingly, one of the earliest applications of chemical processing was

concerned with the manufacturing of pottery using clays ad the raw material.

Clay minerals are (hydrous) layered silicates and usually have a particle size

smaller than 2 micrometers. These phyllosilicates are assembled from two basic

components, a tetrahedral and an octahedral sheet. The tetrahedral sheet is

composed from SiO4 tetrahedra, which are linked together in a hexagonal

arrangement through sharing three basal oxygen atoms. The fourth apical

oxygen atom is connected to the octahedral sheet. The octahedral sheet is built

from edge sharing octahedral in a structure similar to brucite Mg(OH)2 or gibbsite

AI(OH)3. Condensation of the two sheet types defines a plane that contains all

apical oxygen atoms from SiO4 tetrahedra and one unconnected octahedral OH“

group (see Figure 1.3, Chapter 1). One hydroxyl group is positioned in a cavity

formed by a hexagonal-like opening in the tetrahedral sheet.1

From the structural point of view, clay minerals are divided in two classes,

namely 1:1 and 2:1 types. Kaolinite, [AI4](SI4)OIO(OH)3 the most representative

1:1 layered silicate has a layered structure that joins one tetrahedra and one

octahedral sheet. This is the major component of china clay. The octahedral

sheet of kaolinite is classified as dioctahedral because only two out of three

octahedral sites are filled with aluminum ions. Other examples of 1:1 structures

are the serpentine group minerals, which have a similar sheet arrangement as
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kaolinite, but their chemical composition is different. In the serpentines

[Mge](SI4)O10(OH)8, all octahedral layer sites are occupied by magnesium ions.

A 2:1 assembly is formed when two tetrahedral sheets are condensed on

an octahedral sheet. Pyrophyllite [Al4](8ia)O2o(OH)4, and talc [Mga](Si3)O2o(OH)4

are the most common di- and trioctahedral forms of 2:1 layered silicates. The

individual layers of these clays are bonded together by weak van der Waals

forces that are operating between layers themselves. Thus, stacks of layers are

agglomerated into particles. The weak cohesion between the layers is

responsible for the soft nature of these clays.

Negative charge develops on the 2:1 silicate layers when lower valency

ions are substituted into the clay structure. Positively charged interlayer ions

compensate this excess anionic layer charge in order to maintain electrical

neutrality. These interlayer (gallery) cations may be hydrated, inducing interlayer

expansion, and swelling of the clay.2'3 Hence, interlayer access allows for the

replacement of gallery cations by other cationic species through cation exchange

processes.

2:1 layered silicates can be classified in four categories according to their

layer charge. Table 2.1 summarizes the ideal chemical formulas for the most

common 2:1 layered silicates."3 First category includes pyrophyllite and talc with

a neutral layer followed by smectites with a moderate layer charge (0.3 - 1.2 e').

Vermiculites in the third category possess a higher charge on the layer (1.4 - 1.8

e‘). Finally, micas in the fourth category own the highest layer charge (2 e’lunit

cell). Due to their layer charge range, smectites are capable of swelling in water
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or in other polar solvents. In the smectite category we can also distinguish

between clays according either to the source of the layer charge or to the

occupancy in the octahedral sheet. Montmorillonite , Mx[Al4.ng,J(8i3)O2o(OH)4 is

a common dioctahedral smectite with a layer charge arising mainly from the

octahedral sheet where octahedral aluminum cations are partially replaced by

magnesium ions. Beidellite, My[Al4](SieyAly)O2o(OH)4 is also a dioctahedral clay

but the charge on the layer is primarily located on the tetrahedral sheets by the

partial substitution of silicon by tetrahedral aluminum. An analogous trioctahedral

smectite clay series ranges from octahedrally charged hectorite ijMge.

xLi,,](Si3)O2o(OH)4 to tetrahedrally charged saponite Mx[Mge](Si3.xAlx)O2o(OH)4.

Other smectite mineral clays belonging to one of these series may have

octahedral substitutions by ions such as Fez“ 3*, V9”, Cr“, Mn“, Co“, Ni“, Cu“,

or an“. Even octahedral vacancies can be a source of negative charge as is the

case with stevensite. Tetrahedral charge sites arise mainly by substitution of Si4+

with Al3+ and rarely from substitution with cations like Fe3+ or 83“.

As previously described in Chapter 1, Section 1.4, the parent material for

the porous clay heterostucture (PCH) synthesis is a smectic clay. These

materials possess a combination of cation exchange, intercalation and swelling

properties, which make them unique. Their capacity as cation exchangers is

fundamental to their intercalation and swelling properties. This is the main

feature that distinguishes smectic clays from mica and pyrophyllite-talc group of

minerals, which have little or no ion exchange capacity. Due to the ability of the
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minerals to imbibe a large variety of cations, an almost limitless number of

intercalates are possible.

Neutral molecules like water can also be intercalated between the silicate

layers of smectites. The intercalation process can be operated by several

binding mechanisms. The reaction of the hydrated ion functioning as a Bronsted

acid and the intercalant acting as a base constitutes one of the most common

intercalation mechanisms. A large number of experiments have shown that

hydrated cations are more acidic in the clay interlayers that in homogeneous

aqueous solutions.“'5 The enhanced Bronsted acidity under intercalated

conditions is due is part to the polarizing influence of the cation on the water

molecule, in the spatially restricted galleries. The interlayer acidity is found to

increase with increasing charge to radius ratio of the cation and with decreasing

water content of the interlayer.

As discussed earlier, the most important step in the PCH synthesis is

represented by the surfactant intercalation in the galleries of the layered host.

Alkylammonium derivatives obtained by cation exchange are distinguished by a

great diversity of interlayer structures. Packing density, type of aggregation and,

therefore, the intragallery space, will depend on the charge density of the clay

layer, the geometry of its surface and the degree of exchange.6 The

alkylammonium ion in 2:1 clay minerals lie flat on the silicate surface in mono- or

bi-layers or form paraffin-type arrangements with the chains radiating away from

the surface. They can also adopt a pseudo trimolecular arrangement in low

charge density clays where some chain ends are shifted above one another, so
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Table 2.1. ldealized structural formulas for some general 2:1 layered silicates.

 

 

 

  

 

 

Mineral Group Layerogharge Dioctahedral Trioctahedral

Pyrophyllite INJISIelomIOHIA [M96](SIB)OZO(OH)4

Talc Pyrophyllite Talc

MJN+MQJISICIOmIOHI4 MxIMge-xeI(Sia)020(OHI4

Montmorillonite Hectorite

Smectite 0.3 -1.2 e'

MXIAIAJ(Si8-xNx)020(OH)4 MleQeIISia-.AIJOm(OH)4

Beidellite Saponite

Verrniculite 1.2 -1.8 e' My.x{Mgs.€gfigflé)OZO(OH)4

Mica 2-0 9' KziAIJISieA'2)020(OH)4 K2IMQGIISIBA'2)020(OHI4

Muscovite Phlogopite     
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that the spacing is determined by the thickness of three alkyl chains. The chains

assume the required conformation by kinking. As opposed to pseudo

trimolecular layers, the paraffin-type aggregation encountered in high charge

density smectites allows a better fit of the alkyl groups to the layer surface

oxygen atoms. As a result, high d-spacing organoclays are obtained only from

smectites with high layer charge density.

Since the intragallery orientation of the surfactant is a major factor, a

successful PCH synthesis can be achieved only by employing a high charge

density smectite as a starting reactant. Therefore synthetic clays with uniform

and high charge density are needed. Most of the known synthetic clays have a

low layer charge density, a feature that makes them unsuitable for

supramolecular assembly of surfactants in the gallery. The clay that was so far

most suitable for supramolecular assembly is fluorohectorite.7

Fluorohectorite, can be easily synthesized from molten fluxes, but PCH

derivatives based on fluorohectorite are thermally unstable and undergo

defluorination above 350 °C.8 This problem was somewhat solved by using other

clays like vermiculite or rectorite which have layer charges similar to

fluorohectorite. Although vermiculite occurs abundantly in nature, this mineral is

almost always contaminated with iron impurities that can compromise catalytic

properties. Rectorite, although found abundantly in China, is not commercially

available. Neither mineral is easily synthesized.

The crucial thing to obtain a supermolecular assembly was to be able to

pack enough cationic surfactant and neutral co-surfactant in the clay gallery. In
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other words the layer charge density is a main factor in this process. Actually, in

order to achieve a supermolecular assembly, the layered host must have a

charge of at least 1 e’ units per O2o(OH)4 clay unit cell. Saponite is the clay that

seems to meet these requirements.

Saponite is a 2:1 type trioctahedral phyllosilicate being a member of the

smectite group of the clay minerals. The saponite structure (Figure 2.1) is

composed of a central octahedral sheet with a brucite structure, in which

oxygens replace four out of six OH- groups. These oxygens are connected to

two tetrahedral sheets consisting of SiO4 tetrahedra situated on both sides of the

central octahedral sheet. A restricted amount of isomorphous substitution of Si4+

by Al“ in the tetrahedral sheet results in a charge deficiency, compensated by

exchangeable interlayer cations. The ideal structural formula of saponite is

presented in Table 2.1 where M+ is the interlayer cation (Na+, K1) and x has a

maximum value of 1.2.

Natural saponites are usually found in weathered volcanic rocks, although

weathering of other Mg-containing rocks may also result in saponite formation.

Although in natural systems the octahedral sheet is mainly occupied by Mg”,

some minor incorporation of F922 3", Al3*, Li“, an“, Ti“, Ni2+ is possible together

with the isomorphous substitution of Si4+ by Fe3+ next to Al3+ in the tetrahedral

sheet

Because the chemical composition largely determines the acidic

properties of the clay it is extremely important for catalytic applications of

saponite that the composition of the clay material can be adjusted. In addition,
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Figure 2.1: ldealized structure of saponite.
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the saponite must be free of impurities, must contain a high specific area and

pore volume that can be readily accessed from the bulk gas or liquid phase, and

must be available in sufficient quantities. Since natural clays do not fulfill these

requirements synthetic saponites are needed.

Most of the synthesis attempts are aimed at the preparation of saponites

with the sites within the octahedral sheet entirely occupied by M92”.9 Various

groups have performed saponite synthesis at temperatures below 100 °C and at

atmospheric pressures.”19 They were able to synthesize Mg-saponites in very

diluted solutions containing AICI3, MgCl2 and Si(OH)4 at 90 °C for 8 to 12

weeks.“"15 They succeeded in the preparation of saponites with octahedral

sheets containing various metals such as M921, Niz”, C021 and Fez“.""'13 The

starting material was a co-precipitate prepared by the addition of stoichiometric

amounts of sodium silicate and metal chloride salts (e. 9., Mg, AI, Ni, Fe, Zn, Mn,

Cu) to a solution with they appropriate amount of HCI. Aging the resulting co-

precipitate for usually 3 weeks in water at temperatures between 23 - 100 °C led

2°21 usingto the formation of saponite flakes with a low crystallinity. Later studies

this procedure applied hydrothermal conditions of 200 - 250 °C for 15 - 60 days

resulting in well-crystallized saponites. Other reports10 published a very similar

gel preparation method by co-precipitating sodium silicate and sodium aluminate

in HCI. Treatment of this gel in boiling solutions containing magnesium acetate

for 45 days resulted in the formation of saponite.

Most of the preparation procedures for saponites described in the

literature are performed by hydrothermally treating a homogeneous slurry
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consisting of stoichiometric amounts of amorphous silica, aluminum either as an

oxide or hydroxide or a salt, and magnesium (hydro)oxide/salt together with a

component of the intended interlayer cation as a starting material.‘8'2°'3‘ All

synthesis procedures were carried under hydrothermal conditions at

temperatures ranging from 150 - 450 °C and pressures between the autogenous

water pressure and 1500 bar. The reaction time was of the order of days to

35'“ synthesized saponites with Ni2+ incorporatedweeks. Urabe and co-workers

in the octahedral sheet using a Si — Al - Ni — Na gel as a starting material, at 285

°C for 3 days. Other studies reported the substitution of Si4+ by B3+ instead of

Al3+ in the tetrahedral sheets.37 These boron saponites were prepared from

mixtures containing the appropriate constituents. The synthesis conditions were

350 °C under autogenous water pressures or 1700 psi for 15 days.

This literature survey concerning the synthesis of saponites has

demonstrated that the procedures according to the state of the art are very

unfavorable for production on a large scale. The periods of time involved in the

synthesis are mostly extremely long and performing the synthesis at high water

pressure requires expensive equipment.

Here we show the development of a simple procedure for the preparation

of saponites under mild hydrothermal conditions (< 200 °C) and short periods of

time (<40 hours). For catalytic proposes it is extremely important that the textural

as well as the chemical properties of the synthetic saponites can be controlled

accurately within a broad range of chemical compositions. Therefore the Si/Al
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ratio within the tetrahedral sheet has been varied between 3.5 and 5.7 in order to

adjust the surface and interlayer properties of the saponites.

2.3 Experimental

2.3.1 Saponite Synthesis

A gel with a composition corresponding to saponite with the desired

charge density was prepared from basic solutions of aluminum, silicate, and

magnesium using a procedure analogous to the method described by Vogel‘g.

The initial Si/Al molar ratio was in the range 3.5 to 5.7. The mixture was

hydrothermally treated at 175 - 200 °C for 18 - 40 hours of synthesis time. The

resulting solids were filtered, washed and dried overnight in air at 120 °C.

2.3.2 Physical Measurements

The cation exchange capacity (CEO) of the saponite was determined by

first saturating the clay with the ammonium ions at the exchange sites. The

ammonium saponite was then treated with 10M NaOH. The amount of released

ammonia was measured using an ammonia selective electrode.

Elemental analyses were carried out by inductively coupled plasma

emission spectroscopy at the University of Illinois Elemental Analysis Laboratory.
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Powder X-ray diffraction patterns were obtained on a Rigaku Rotaflex

diffractometer equipped with a rotating anode (CuKa radiation) operated at 45 kV

and 100 mA. The scattering and receiving slits were 1/6 and 0.3 degrees,

respectively.

298i MAS (magic angle spinning) NMR spectra were obtained on a Varian

VXR 400 MHz spectrometer at 79.5 MHz using a 7 mm zirconia rotor and a

sample spinning frequency of 4 kHz. A pulse duration of 9 us and a delay time of

600 s allowed for a full relaxation of the Si nucleus. An external reference of talc

(8=-98.1 ppm relative to TMS) was used to determine the chemical shift values.

27Al MAS (magic angle spinning) NMR spectra were obtained on a Varian

VXR 400 MHz spectrometer at 104.26 MHz using a 7 mm zirconia rotor and a

sample spinning frequency of 4 kHz. A pulse duration of 9 us and a delay time of

2 seconds allowed for a full relaxation of the Al nucleus. An external reference of

AI(N03)3 (6 = 0 ppm) was used to determine the chemical shift values.

TEM images were obtained on a JEOL JEM-lOOCX ll microscope with a

CeBe filament and an accelerating voltage of 120 W, a beam diameter of

approximately 5 pm and an objective lens aperture of 20 pm. TEM samples

were prepared by sonication of the powder in ethanol for 20 minutes and

evaporating 1 drop onto a holey carbon film
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2.4 Results and Discussion

As a member of the trioctahedral subgroup of 2:1 phyllosilicates, saponite

contains primarily Mg2+ cations in each of the six octahedral positions of the

O2o(OH)4 unit cell, and a mixture of Si4+ and AI3+ ions in the eight tetrahedral

positions of the cell. Consequently, the layer charge density is determined

primarily by the Si/Al ratio in the tetrahedral sheet, and the layer charge is

balanced by exchangeable cations in the gallery region between the 2:1 layers.

Naturally occurring saponites usually have F621, Fe3“, an”, and other transition

metal ions substituting for M9”, making them unattractive for catalytic

applications.

The reaction stoichiometries were targeted at unit cell compositions of

Nax[Mgej(SiexAlx)O2o(OH)4 -nH2O with x = 1.2, 1.5, and 1.7. These charge

densities were selected so that sufficient quaternary ammonium ions (denoted

Q“) and a neutral alkyl amine co-surfactant could be subsequently incorporated

into the galleries for PCH formation. The resulting reaction products were

designated SAP-1.2, -1.5, -1.7, respectively.

Table 2.2 provides the 8i/Al ratios of the synthetic saponite products as

determined by chemical analysis and 29Si MAS NMR spectroscopy. Included in

the table are the experimentally determined cation exchange capacities (CEC).

Table 2.2 also reports the corresponding unit cell formulas based on the

chemical analyses. Figures 2.2 and 2.4 illustrate the X-ray diffraction patterns

and ”Si MAS NMR spectra, respectively, for the reaction products.
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Table 2.2. Si/AI ratios, cation exchange capacities and unit cell formulas for

synthetic saponite clays.

 

 

 

 

 

 

Si/ Al CEC

Unit Cell Formulas”

(MOO/1009)

Sample Cale.“ ”Si-NMR Element.

Analysrs

SAP'1-2 5-67 6'43 6'62 90 Nat."MQe.1AI1.053Ie.95020(OH)4

SAP-1.5 4.34 5.22 5.29 104 Na1,33Mge,05A,1283i6~77020(OH)4

SAP-1.7 3.57 4.28 4-50 “2 Na,,.8Mg5,97AI..458i6,5302o(0H)4     
 

“The Si/AI ratio of the initial gel prior to hydrothermal crystallization.

bThe unit cell formulas were found by elemental analysis.
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All of the reaction products have a basal spacing of 12.5 A and clearly exhibit the

hkl reflections expected for a trioctahedral clay mineral (Figure 2.2). Also, as

shown by the plot of the basal spacing for the 060 reflection in Figure 2.3, the b

lattice parameter increases in proportion to the aluminum content in accord with

Vegard's Law.21 This result verifies the incorporation of increasing amounts of

aluminum into the layers with increasing aluminum content of the reaction gel.

The 29Si MAS-NMR spectra shown in Figure 2.4 also verify the structural

composition of the saponite layers. Each sample exhibits two peaks at —95.8

and -90.5 ppm (Figure 2.4, curves C and B respectively) and a shoulder at -86.1

ppm (Figure 2.4, curve A), which are assigned, in accord with previous NMR

assignments”, to SiO4 tetrahedra in 03(0Al), 03(1Al) and 03(2AI), respectively.

In this assignment scheme, the SIG. tetrahedra are linked to three adjacent

tetrahedra containing one, two, or three aluminum centers. Increasing the

amount of aluminum clearly results in an increase in the intensity of the 03(1Al)

resonance and, to a lesser extent that of the 03(2Al) signal, as well. The

deconvolution of the 29Si MAS-NMR spectra allows for a quantitative assessment

of the fraction of tetrahedral sites occupied by aluminum and, therefore, the

determination of the Si/Al ratios through the relationship:38

3

Si/Al = 3/2 ii,-

i=1

where I is the normalized intensities of the SiO4 centers linked to i adjacent AIO4

centers (i = 1, 2, 3). The 8i/Al ratios determined by NMR are in good agreement

with those found through elemental analyses (Table 2.2).
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Figure 2.2: XRD patterns of synthetic saponites.
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On the basis of the analytical results in Table 2.2, the layered structure tends to

favor a higher SI/Al ratio than the ratio initially present in the gel prior to

crystallization, and the deviations from the initial gel compositions increase with

increasing layer charge density.

In order to further investigate the environment of the aluminum centers,

27Al MAS-NMR of the saponite was performed. The spectrum show in Figure 2.5

gives one resonance at 64 ppm. This signal is assigned to tetrahedrally

coordinated aluminum where the metal is covalently bonded to three silicon

atoms and one magnesium atom via oxygen bridges.39 The absence of a

resonance around 0 ppm indicates that all aluminum has been incorporated in

the clay structure. The 27Al MAS-NMR results are in good agreement with the

XRD and ”Si MAS-NMR data.

Figure 2.6 shows a typical TEM image of synthetic saponite SAP-1.5. The

large particles consist of aggregated domains of several layers. However, the

lamellar structure can be observed only for the particles with the ab plane

oriented parallel to the optic axis of the microscope. Our reaction conditions

seem to favor a limited layer stacking in the c direction, which correlates very well

with the XRD data. As a result, the clay layers are more flexible, inducing a

certain degree of curvature to the saponite structure.

We note that the CEC values, which were determined by the exchange of

sodium ions in the gallery by ammonium ions, increase in proportion to the

aluminum content of the layers, as expected. However, the experimentally

63



   SAP-1 .7

    

SAP-1 .2

D

 

 I T T T T I T T T T I T T T T I T T T T I T T T T TfT T T I T T T T 1

-60 -70 -80 -90 -1 00 -1 1 0 -120 -130

ppm

Figure 2.4: 29Si MAS NMR spectra of synthetic saponites. The spectral

components of the SAP-1.2 pattern (curves A, B and C) were obtained

by deconvolution of the observed spectrum. Curve D represents the

sum of the components.
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Figure 2.5: 27AI MAS-NMR spectrum of synthetic saponite SAP-1.2.
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Figure 2.6: Representative TEM image of saponite SAP-1.5.
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observed CEC values represent only ~70% of the values expected on the basis

of the unit cell formulas in Table 2.2. It appears that sodium ion binding is

preferred over ammonium ions under the conditions used in the exchange

reaction, and this aspect of the exchange properties will require future

investigation. Taken together, the above XRD, NMR and analytical results clearly

indicate that the synthetic saponite clays are very well crystallized and have

compositions very near those targeted in the initial reaction stoichiometry.

2.5 ' Conclusion

An effective method for the preparation of high quality saponite clays has

been developed. The products were free of impurities and obtainable from

readily accessible starting reactants under hydrothermal conditions. They are

well-crystallized materials that possess intrinsic acidity. The incorporation of

increasing amounts of aluminum in the clay layer was verified by NMR data,

which are in good agreement with elemental analysis. In this smectic clay,

aluminum substituting for silicon in the tetrahedral sheet of the 2:1 layer regulates

the layer charge. A variation in the Si/Al ratios in the reaction stoichiometry from

3.5 to 5.7 increases the corresponding acidity of the clay layer.

As noted in the introduction to this chapter, there have been at least 28

previous procedures reported for the preparation of trioctahedral saponite clays

containing various elements in the 2:1 tetrahedral and octahedral layers. Most of

the procedures require dilute starting gels, hydrothermal conditions ranging from

23 — 450 °C, pressures from ambient to 1500 bar and reaction times from days to
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months. The previously reported procedure that most closely resembles the

procedure of the present work is the method of Vogel‘g, where the saponite is

synthesized in 20 h at 90 °C from a Si/Al gel and magnesium nitrate in the

presence of urea. However, the obtained product has low layer charge density

since only part of aluminum present in the initial reaction mixture is incorporated

in the tetrahedral layer of the clay. Also the poor crystallinity of the saponite

along with a high cost of the starting materials make this procedure unattractive

for production on a large scale.

The saponites possess a charge density sufficiently high to allow for

supramolecular assembly in two-dimensions and therefore they can be employed

as layered hosts for the synthesis of porous clay heterostructures.
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Chapter 3

Mesostructured Clay Catalysts: Synthesis,

Characterization and Catalytic Activity of a New Porous

Clay Heterostructure (SAP-PCH) Derived from Synthetic

Saponfle

3.1 Abstract

Mesostructured intercalates belonging to the class of solid acids known as

porous clay heterostructures (PCH) have been prepared through the surfactant -

directed assembly of mesoporous silica within the galleries of synthetic saponite

clays. The removal of the intragallery mixture of neutral alkyl amine and

quaternary ammonium ion surfactant (0*) by calcination afforded PCH

intercalates with basal spacings of 33 - 35 A, BET specific surface areas of 800 -

920 m2 g", and pore volumes of 0.38 - 0.44 cm3 9". The framework pore sizes

were in the super - micropore to small mesopore region ~15 - 23 A. Temperature

- programmed desorption of chemisorbed cyclohexylamine (CHA) indicated the
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presence of both weak and strong acid sites, corresponding to desorption

temperatures near 220 and 410 °C, respectively. The total acidity (0.64 - 0.77

mmole CHA 9") increased with the saponite layer charge density (x), indicating

that the acidity is correlated with the number of protons balancing the clay layer

charge after calcination. The high acidity, structural stability to 750 °C, and

supermicroporous to small mesoporous pore structure were verified by

employing these PCH materials as catalysts for Friedel-Crafts alkylation and

cumene cracking reactions.
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3.2 Introduction

Owing to growing environmental concerns, there is a large interest in

replacing traditional catalysts, such as aluminum trichloride, sulfuric acid and

hydrofluoric acid with recyclable solid acids. The engineering of porosity in

common materials like silica, zeolites and clays is emerging as an area of great

scientific and technological interest. Materials with tunable pores become

particularly important towards applications in the field of adsorption and

catalysis."2

Pillared interlayered clays have been extensively studied and are very

attractive as solid acid catalysts.3'4 These solids exhibit a tunable acidity, regular

microporosity and relatively high thermal stability. Montmorillonite, beidelite,

hectorite and saponite pillared by Al13 hydroxyl cations have been studied the

most. These microporous materials revealed a substantial activity for petroleum

cracking and for fine chemical synthesis via alkylation and isomerization.

Butruille and co-workerss'6 reported an improvement in the acidic catalytic

properties of alumina-pillared fluorohectorite relative to other pillared clays. The

presence of fluorine in the layer structure enhanced the Bronsted acidity of the

pillared clay at outgassing temperatures below 350 °C. This catalyst exhibited

significant Bronsted acidity, which is unusual for smectites clays.

Also the mesoporous molecular sieves developed recently7'8 have

stimulated a great deal of interest in large-pore materials for selective catalysis"

‘1 and other applications.12 The synthesis of these materials involves the use of

ionic surfactants, which interact with the inorganic ions in a cooperative process

74



to form a range of ordered mesostructures.‘3'“ Many of the same ionic

surfactants used for the assembly of mesostructured molecular sieve

73:“ and related bulk phases12 can be intercalated in a variety of layeredcatalysts

host structures.13 Recently has been demonstrated that some of these

mesostructure - forming surfactants retain their structure directing properties

when intercalated in the galleries of smectite clays. In a manner quite analogous

to bulk mesostructure formation, the intercalated surfactants direct the assembly

of an open framework metal oxide (silica) structure within the constrained gallery

regions of the layered host.15 The resulting porous intercalates referred to as

porous clay heterostructures (PCH), showed promising acidic properties for

catalytic organic conversions."3'17 They were prepared by the surfactant -

directed assembly of mesostructured silica in the two - dimensional galleries of

2:1 mica - type layered silicate with high charge density, such as in

fluorohectorite, rectorite, and vermiculite.

PCH synthesis makes use of the intragallery ordering of silicate species

and surfactants into organic/inorganic micelles (Figure 3.1), similar to the

ordering processes observed for MOM-41 molecular sieves. However, the

difference between PCH and MOM-41 synthesis is that this micellar organization

occurs inside the restricted gallery region of the clay, not in bulk solution.

In general, PCH materials offer special opportunities for the rational

design of a heterogeneous catalyst system, in part, because the pore size
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A. Q*-Amine Solvated Clay B. Templated Heterostructure C. Porous Clay Heterostructure

Figure 3.1: Proposed mechanism for the formation of a porous clay

heterostructures (PCH) by gallery assembly: (A) the initial amine-solvated

bilayer structure with a thickness equivalent to the length of the quaternary

cation (filled head groups) and the neutral amine (open head groups)

surfactants; (B) the templated heterostructure in which a 2D hydrated silica is

organized around micellar assemblies of 0+ and neutral amine; (C) the

calcined PCH with a 20 framework of porous silica intercalated between the

clay layers.
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distribution can be tailored in the rarely encountered supermicropore to small

mesopore range (14-25 A) through the choice of the structure-directing surfactant

in the galleries. However, the choice of a host clay with a charge density suitable

for the intragallery assembly is somewhat problematic. Although vermiculite

occurs abundantly in nature, this mineral is almost always contaminated with iron

impurities that can compromise catalytic properties. Rectorite, although found

abundantly in China, is not commercially available. Neither mineral is easily

synthesized. Fluorohectorite, on the other hand, can be easily synthesized from

molten fluxes, but PCH derivatives based on fluorohectorite are thermally

unstable and undergo defluorination above 350 °C.18 Therefore, more readily

accessible synthetic smectite clays with high layer charge density are needed to

fully develop the chemistry of PCH materials.

Here we report the synthesis and properties of a new family of porous clay

heterostructures derived from synthetic saponite clay. In this smectic clay the

layer charge density can be regulated by controlling the extent of silicon

substitution by aluminum in the tetrahedral sheet of the 2:1 layer. Also, saponite

can be synthesized free of impurities from readily accessible starting materials

under hydrothermal conditions. Moreover, intercalated derivatives of saponite

are intrinsically acidic, as has been demonstrated previously for alumina-pillared

forms of the mineral."’“21 However, their catalytic utility is limited in part by a pore

structure in the micropore domain.

Based on PCHs unique porosity and acidic nature, their interesting

properties to potentially function as a heterogeneous catalyst will be explored. In
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order to test the porosity of our materials Friedel-Crafts alkylation of bulky 2, 4-di-

tart-butylphenol (DBP) (molecular size (A): 9.5x6.1x4.4) with cinnamyl alcohol to

produce 6,8-di-tert-butyl-2, 3-dihydro[4H] benzopyran (molecular size (A):

13.5x7.9x 4.9) was used as a probe reaction for SAP-PCH. This large substrate

reaction also was selected in part because only mesoporous molecular sieves

are known to provide the accessible acid sites for catalysis.22 Conventional

zeolites and pillared clays are poor catalysts for this reaction because the

reagents cannot readily access the small micropores.

Also, by utilization as solid acid catalysts in the cumene cracking reaction,

the acidity of our saponite derivatives was tested.

3.3 Experimental

3.3.1 PCH Synthesis

Cetyltrimethylammonium (CTMA) as the clay exchange cation and

decylamine as the co—surfactant were used to form the PCH forms of the

synthetic saponites. A 1.0 wt % suspension of previously prepared saponite was

allowed to react at 50 °C with a 0.5 M aqueous cetyltrimethylammonium bromide

solution in two-fold excess of the clay cation exchange capacity. After a reaction

time of 24 hours, the product was washed with ethanol and water to remove

excess surfactant and air-dried. The organoclay, denoted Q”-clay, was then

added to decylamine at a Q+-clay : decylamine molar ratio of 1:20 and the

resulting suspension was stirred for 20 minutes at room temperature. The amine
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co-surfactant swells the galleries and participates in the gallery assembly

process. Tetraethylorthosilicate (TEOS) was added to achieve the molar ratio

decylamine: TEOS = 1:6. After a reaction time of 3 hours at room temperature

the gel was recovered by centrifugation and exposed to a controlled relative

humidity of 50 % for a period of 72 hours to form the as-synthesized product.

The resulting white powder was subsequently calcined in air at 650 °C using a

temperature ramp rate of 1 °C / min to remove the surfactant.

All reactants were obtained from Aldrich Chemical Co. and used without

further purification.

3.3.2 Catalytic Alkylation of 2,4-Di-tert-butylphenol (DBP) with Cinnamyl

Alcohol (CA)

The alkylation of 2,4—di-tert-butylphenol with cinnamyl alcohol was carried

out in a 25 ml flask with 0.25 mmol 2,4-di-tert-butylphenol (Aldrich) and 0.25

mmol cinnamyl alcohol (Aldrich) using 12.5 ml isooctane as solvent. When the

solution was heated and maintained at 60°C, 125 mg catalyst was added. After 6

hours reaction, the catalyst was filtered and extracted with dichloromethane to

recover adsorbed reaction products. 1,3 - Di-tert-butylbenzene was used as

internal standard and the products were analyzed by GC (HP5890) and GC-MS

(HP5890). The reaction is illustrated in Figure 3.2.
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Figure 3.2: Catalytic Alkylation of 2,4-Di-tert-butylphenol (DBP) with

Cinnamyl Alcohol (CA).
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3.3.3 Cumene Cracking Reaction

Cumene cracking reactions were performed in a 6 mm id fixed bed

quartz reactor with 200 mg catalysts. The cumene flow rate was 4.1 mol min'1

in a 20 mL min'1 carrier gas of N2. Cumene conversions were reported under

steady-state conditions after 30 min. on steam at 300 °C.

3.3.4 Physical Measurements

Powder X-ray diffraction patterns were obtained on a Rigaku Rotaflex

diffractometer equipped with a rotating anode (CuKCl radiation) operated at 45 kV

and 100 mA. The scattering and receiving slits were 1/6 and 0.3 degrees,

respectively.

N2 adsorption-desorption isotherms were obtained at -—196 °C on a

Micromeritics ASAP 2010 Sorptometer using static adsorption procedures.

Samples were outgassed at 175 °C and 10’6 Torr for a minimum of 12 hours prior

to analysis. BET specific surface areas were calculated from the linear part of

the BET plot according to IUPAC23 recommendations.

Elemental analyses were carried out by inductively coupled plasma

emission spectroscopy at the University of Illinois Elemental Analysis Laboratory.

TEM images were obtained on a JEOL JEM-lOOCX ll microscope with a

0986 filament and an accelerating voltage of 120 W, a beam diameter of

approximately 5 pm and an objective lens aperture of 20 pm. TEM samples

were prepared either by sonication of the powder in ethanol for 20 minutes and
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evaporating one drop onto a holey carbon film or by thin sectioning. Thin

sections were prepared by embedding the powder in LR. White acrylic resin

(hard) and sectioning on an ultramicrotome. The holey carbon film and the thin

sections (~80 nm) were supported on 300 mesh copper grids.

Temperature programmed cyclohexylamine desorption (CHA-TPD)

spectra were recorded on a Cahn TG system 121 analyzer. Samples (~ 30 mg)

were transferred directly out of the cyclohexylamine vapor to the thermobalance

and they were kept at 150 °C for 2 hours. Desorption thermograms were

recorded at a heating rate of 10 °C /min under nitrogen flow. The mass loss

between 200 °C and 420 °C was used to determine the acid content of the

samples (in mmoles CHA g'1 adsorbent).

3.4 Results and Discussion

All three saponite compositions were used to assemble porous clay

heterostructures that were denoted SAP1.2-, SAP1.5-, and SAP1.7-PCH,

respectively. The process used to assemble the intragallery mesostructure,

which is illustrated schematically in Figure 3.3, was analogous to the one

previously reported for the preparation of PCH derivatives of fluorohectorite (FH-

PCH).15 This scheme illustrates the conversion of these lamellar hosts into the

mesoporous heterostructures analogs. The saponites were first converted to an

onium form by ion exchange with an aqueous solution of

cetyltrimethylammonium bromide (CTAB), and then solvated with decylamine as

a co-surfactant and tetraethylorthosilicate (TEOS) as a silica precursor to achieve
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a Q*-clay : decylamine : TEOS molar ratio of 1:20:120. The TEOS preferentially

intercalates into the gallery and the presence of the intragallery water converts

that TEOS into mesostructured silica. Upon calcination the corresponding

porous derivative is obtained.

The XRD patterns (the 001 reflections) of the 3 derivatives before and

after calcinations (Figure 3.4) show the dependence of the gallery height with the

charge density. If 10 A, the approximate height of the clay layer are subtracted

from these values, the gallery height of the saponite derivatives will be in the

range of 22 to 25 A.

The basal spacings for the as-synthesized and calcined forms of the SAP-

PCH derivatives (Table 3.1), as well as for the initial quaternary ammonium

saponite precursors, increase with increasing aluminum content of the layers.

The quaternary ammonium ions adopt paraffin-type arrangements in the

interlayer space with chains radiating away from the clay surface.24 As the layer

charge density increases with increasing aluminum content, the onium ion

orientation in the gallery becomes more vertical, resulting in an expansion of the

gallery height (Figure 3.5). The increase in gallery height is accompanied by an

increase in TEOS loading and, consequently in the amount of mesostructured

silica in the gallery region of the final PCH. For instance, the gallery silica content

per 020(OH)4 unit cell of the calcined product increases from 13.7 for SAP1.2-

PCH to 15.7 mole for SAP1.7-PCH.

SAP-PCH derivatives exhibit specific surface areas and pore volumes that

are even larger than those obtained for FH-PCH assembled from the same
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Figure 3.3: Schematic illustration of the main steps

involved in the porous clay heterostructures synthesis.
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Table 3.1. Properties of Q” and PCH intercalates of synthetic saponites and

 

 

 

fluorohectotrite.

d spacing (A)

BET Pore Acidity

Sample 0+- PC" PC" 82:“? Volume‘ (mmol

saponite As- calcined ea 3 _1 _,

. cm CHA

synthesized (m2 g 1) ( 9 ) g )

SAP1} 20 5 34 5 32 9 921 0 44 0 64PCH . . . . .

SAP1‘5' 24 2 35 9 34 2 377 0 42 0 73PCH . . . . .

SAP1'7' 25 3 37 1 35 3 797 0 38 0 77PCH . . . . .

FH_PCH 27.0 38.0 32.0 700 0.35 0.10

 

aThe surfaces areas and pore volumes are for the calcined forms of the PCH

derivatives.
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Figure 3.4: XRD profiles for a) as-synthesized and b) calcined

SAP-PCH materials.
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Figure 3.5: Various orientations of alkylammonium ions in

the galleries of layered silicates with different charge

densities.
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surfactant/co-surfactant system15 (Table 3.1). Also, whereas FH-PCH begins to

undergo defluorination above 350 °C and structural decomposition above ~550

°C, the SAP-PCH derivatives retain structural integrity even when calcined at 750

°C.

As shown in Figure 3.6, the SAP-PCH products exhibit type IV adsorption

isotherms. The near-linear uptake of nitrogen in the knee region corresponding

to the partial pressure range 0.05-0.25 is indicative of a super-micropore to small

mesopore structure in the super - micropore to small mesopore region, ~15 - 25

A3526 The inset to Figure 3.6 provides a typical pore size distribution. The BET

specific surface areas progressively decrease with increasing aluminum loading

from 921 to 797 m2 g’1 and the framework pore volumes decrease form 0.44 to

0.37cm3 g". This behavior is explained by the increased layer charge density,

which results in an increase in the amount of mesostructured gallery silica.

Previous efforts to obtain TEM images of PCH materials have met with

limited success.15 Though the clay layers have been easily observed, resolving

the intragallery pore structure has been more difficult due to the turbostratic

nature of these materials. In the present work, direct imaging of the framework

pores of SAP-PCH derivatives was achieved by thinning the samples along the

ab plane through microtoming. Figure 3.7 is a typical TEM image of a SAP-PCH

that has been suspended in ethanol and evaporated onto a holey carbon film.

The low magnification image (see Figure 3.7A) shows that the larger particles

consists of aggregated domains of several layers oriented in all directions, similar
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Figure 3.6: N2 adsorption/desorption isotherms for porous clay

heterostructures derived from synthetic saponites. The isotherms for

SAP1.5 and SAP1.7-PCH are vertically displaced by 150 and 300 cm3 9",

respectively. Insert: Horvath-Kawazoe pore size distribution curve.

dW/dR is the derivative of the normalized adsorbate (N2) volume adsorbed

with respect to the pore diameter of the adsorbent in units of cm3 9'1 A".
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Figure 3.7: Representative TEM image of a calcined SAP1.5-PCH.
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Figure 3.8: TEM of a thin-sectioned SAP1.5-PCH.
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to the layer aggregation in the synthesized clay. The arrow in Figure 3.7A

highlights the domains within the particle that are oriented with their ab planes

parallel to the optic axis of the microscope. The lamellar phase is visible for this

orientation of the domains. Other orientations of the ab planes reveal wormhole-

like pores at the external surfaces of the clay plates. Tilting of the particle

relative to the optic axis results in the reorientation of some of these domains

parallel to the optic axis, again revealing the layered structure of these regions.

Figure 373 provides a higher magnification image of the oriented

domains shown in Figure 3.7A. The lamellar phase and intragallery pore

structure is clearly evident within this image. Due to the disorder of the pores

within the gallery and the thickness of the particles, enhanced imaging of the

intragallery pore structure is precluded.

improved imaging of the intragallery pore structure is possible, however,

by sectioning the materials prior to imaging. Figure 3.8 shows typical TEM

images of thin-sectioned a SAP-PCH in which the ab planes of the particle

domain are oriented parallel to the optic axis. In the image provided in Figure

3.8A, the clay layers are discernable as solid dark lines and the pores appear in

lighter contrast between the layers. The arrow in Figure 3.8A points to a small

domain of three layers of SAP-PCH in which only the middle clay layer and the

two adjacent gallery pore structures are clearly evident. The two outer clay

layers are barely visible in this image.
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Figure 3.83 is a higher magnification image of the intragallery pore

structure. The pores within a gallery have a uniform size (arrow), as do the clay

layers. The framework pore orientation is not persistent, however, indicating a

significant degree of disorder within the gallery. A disorder wormhole - like pore

structure in the ab plane is suggested by the changes in contrast levels between

the layers.

The SAP-PCH materials reported here represent heterostructures

comprising the smectite clay host and a mesostructured silica phase within the

galleries of the host. The lattice substitution of silicon by aluminum in the clay

layer and the replacement of the initial gallery ions (Na‘) by surfactant cations

and subsequently by protons upon calcination, generate significant Bronsted

acidity within the mesostructured galleries. The acid content of the SAP-PCH

derivatives was determined using thermally programmed desorption of

cyclohexylamine (CHA-TPD)?”28 After being exposed to CHA vapor, the

samples were heated at 150 °C for 2 hours in order to remove the physically

adsorbed amine.

As shown in Figure 3.9, the SAP-PCH materials exhibit two types of acidic

sites. The intensity of the first desorption peak at 210 °C is directly correlated with

the Si/AI ratio or the clay layers. This weaker acid site most likely is associated

with the internal gallery surfaces of the PCH. The stronger acid site represented

by the desorption peak near 400 °C is independent of the layer chemical

composition and may related to sites at the external surfaces of the

heterostructure. The weight loss of CHA between 150 and 450 °C was used to
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Figure 3.9: Profiles for the thermal desorption of cyclohexylamine from SAP-

PCH samples. dW/dT is the differential weight with respect to temperature in

units of g/°C.

94



quantify the acidity, assuming that each base molecule interacts with one acid

site. As expected, the number of acid sites increases due to an increase in the

number of intragallery acid sites with increasing aluminum loading (Table 3.1).

Therefore we can conclude that our new materials have acidity and the

issue is what can be done with it. One of the reactions used to test the reactivity

of mesoporous materials is the one that Corma reported few years ago22 where

the 2,4-di-tert-butylphenol phenol reacts with cynamil alcohol to form the flavan

molecule (Figure 3.2). This is mainly used as a probe reaction because in order

to obtain a significant yield of falvan we need to have a very rapid access to the

active sites of the catalyst. These two reagents must be brought close together

at a reactive site to form the activated complex; othenNise each reactant may

undergo undesirable transformations such as dealkylation or intermolecular

dehydration to ether.

Mesostructures are very suitable catalysts for this reaction as compared

with the traditional catalysts such as HY zeolites or K-10 layered silicate. As

shown in Table 3.2, in agreement with an earlier result reported by Corma and

his co-workers, the yields of flavan for HY, K-10 and protonated saponite are

almost not existent whereas for Al-MCM41 or Al-HMS mesostructures a

significant amount of the product is obtained. This means that the diffusion of

DBP through the windows of faujastites of HY is strongly restricted. Similarly, in

the cases of K-10 Montmorillonite and H*-saponite, the main product is

dealkylated 4-tert butylphenol. Consequently besides the difficulty of the

diffusion of DBP through the interclays, the accessibility of reactants and the
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shape selectivity are big problems. This proves that HY, K-10 and protonated

saponite lack the needed framework porosity and are incapable of shape

selectivity catalysts. By contrast, in the case of PCH, based on their pore size

and structure, a higher yield of flavan, 15.3%, was obtained. The limitation of the

diffusions of the bulk reactant and product (flavan) were in some way overcome

by the PCH structure. Obviously, the formation of mesoporosity in PCH does

appreciably alter the accessibility of reactants and this increases its ability of

shape selectivity to catalyze the alkylation reaction. For that reason the yields of

flavan are correlated with the concept of access. We did not expect PCH’s to be

competitive with the HMS or MOM-41 materials but they are significantly better

than the traditional acid catalysts.

We believe that these types of materials will really make a difference in

cracking of hydrocarbons. Catalytic hydrocarbon cracking is an important step in

the conversion of crude oil to transportation fuels. Industrial cracking catalysts

contain a significant component of zeolite (such as H-USY), which provides

Bronsted acid sites for the cracking of hydrocarbons. It is well know that the

strength and the amount of Bronsted acid sites in the cracking catalysts are

crucial to enhance the cracking activity.

Cumene cracking is generally considered as a probe reaction to

investigate the Bronsted acidity of the zeolite and related aluminosilicate

materials. Our materials proved to own a significant number of acidic sites. As a

result, they were employed as solid acid catalysts for the cumene cracking

reaction. The initial results of the cumene cracking are summarized in Table 3.3.
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Table 3.2. Alkylation of 2,4-di-tert-butylphenol with cinnamyl alcohol in

the presence of various solid acid catalysts.*

 

 

 

Conversion Selectlvity (%)” Yield of

Catalysts (%) 449”- Flavan (%)

butylphenol Flavan

HY 13.3 57.8 11.1 1.5

K-10 47.5 59.7 - <1

H*-Saponite 36.1 87.7 3.3 1 .2

SAP1 .2-PCH 28.9 51 .0 29.0 8.38

SAP1 .5-PCH 26.5 43.7 35.8 9.48

SAP1.7-PCH 35.6 32.1 41 .9 1 5.3

2% AI-MCM-41 47.2 - 71.8 33.9

2% AI-HMS 56.5 - 74.2 41.4

 

*Reaction conditions: 125 mg catalyst, 0.25 mmol 2,4-di-tert-butylphenol, 0.25

mmol cinnamyl alcohol, 12.5 mL isooctane, 60°C, 6 hours.

“The total selectivity is less than 100% because part of the products is

adsorbed on the catalysts. TGA profiles of the catalysts after reaction

established ~15% weight loss of non-recoverable organic material.
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Table 3.3. Cumene cracking activity of different mesoporous materials.*

 

 

Conversion

Catalysts

(%)

H*-Saponite 20.2

SAP1.7-PCH 36.2

5% AI-HMS 48.9

5% Al-MCM-41 34.5

 

*Reaction temperature 300°C, 200 mg catalyst. The cumene flow rate is

4.1 umol/min.
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We see that even standard acid saponite with no mesoporosity is active by virtue

of the external surface area. The porous clay heterostructure textural properties

significantly enhance the activity approaching the activity of the acidic

mesostructures. These results suggest that our mesostructured saponite

derivatives are suitable catalysts for the processing of petroleum fractions.

3.5 Conclusion

A novel porous intercalate belonging to the class of mesostructured solid

acids known as porous clay heterostuctures (PCH) has been synthesized

through the surfactant-directed assembly of silica in the two-dimensional galleries

of saponite. The SAP-PCH materials possess basal spacings from 32.9 to 35.3

A, surface areas in the range of 800 — 920 m2 g", and pore volumes from 0.38 to

0.46 cm3 9". They also exhibit substantially higher acidity (0.64 - 0.77 mmol 9")

than pillared clays (~0.24 mmol g").3”5 This feature of their chemistry, together

with their unique pore structure in the supermicropore to small mesopore range

and thermal stability to at least 750 °C should make them promising acid

catalysts for organic chemical conversions, including gas oil cracking.

The new saponite derivatives were successfully employed as solid acid

catalysts in the Friedel-Crafts alkylation of bulky 2, 4-di-tert-butylphenol (DBP)

(molecular size (A): 9.5x6.1x4.4) with cinnamyl alcohol to produce 6,8—di-tert-

butyi-2, 3-dihydro[4H] benzopyran (flavan) (molecular size (A): 13.5x7.9x 4.9). A

higher yield of flavan (15.3%) was obtained over PCH as compared with H”-

Saponite (1.2%). This reaction also confirmed the formation of mesoporosity in
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the saponite galleries. Additionally, in order to test the acidity, our compounds

were effectively utilized as catalysts for cumene cracking reaction. Their catalytic

activity is considerably superior to that of the protonated saponite, and

comparable to that of the acidic mesostructures.
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Chapter 4

Post-Synthesis Grafting of Aluminum into Porous Clay

Heterostructures (PCH) Derived from a Synthetic

Saponfle

4.1 Abstract

Mesostructured intercalates belonging to the new class of solid acids

known as porous clay heterostructures (PCH) have been prepared by post-

synthesis grafting of aluminum into a silica-intercalated PCH precursor derived

from a synthetic saponite. The products designated Al-PCH, were characterized

by powder XRD, N2 adsorption, 27Al MAS NMR, TPD of cyclohexylamine and

elemental analysis. Depending on the choice of aluminating agent (AlCla or

NaAIOz), intercalates with basal spacings of 32 - 34.8 A, BET surface areas of

623 - 906 m2/g, pore volumes of 0.32 - 0.45 cm3/g and pore size in the large
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micropore to small mesopores range were obtained. The aluminum content was

strongly correlated with the reactant composition in the post-synthesis mixture.

Nearly all of the grafted aluminum was incorporated into the mesostructured

silica in a tetrahedral form. In comparison to the initial silica-intercalated PCH

precursor, little or no change in textural porosity was observed when the

alumination reaction was carried out under acidic conditions using aqueous AICI3

(route 1), whereas small decrease in surface area and pore volume were noted

under basic conditions with NaAIOz as the aluminating agent (route 2). Both

reagents however, afforded acid sites that increased with increasing Al content.

The enhanced acidity, structural stability up to 750 °C and the porosity of the AI-

PCH materials were verified by using these aluminated derivatives as solid acid

catalysts for the cumene cracking reaction.
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4.2 Introduction

During the last decade various kinds of mesoporous silica materials"5

have been synthesized using surfactant micelles as the structure directing

agents. Heteroatom substituted mesoporous molecular sieves such as MOM-41

have attracted much interest due to their potential use as adsorbents or

catalysts?"7 Of particular interest are the aluminum containing compounds that

may be employed as solid acid catalysts. Purely siliceous molecular sieve

materials have an electrically neutral framework and consequently little or no

acidity. Bronsted acid sites can be generated by isomorphous substitution of

aluminum for silicon in the silica matrix. Previous studies"°11 have shown that

aluminum can be effectively incorporated into siliceous MOM-41 materials via

various post-synthesis procedures by grafting AI onto MOM-41 walls using

different aluminum sources, followed by calcination. Post-synthesis alumination

increases both acidity and chemical stability of the alumina modified MOM-41

materials.‘2'13

Recently, the discovery of porous clay heterostructures (PCH) formed by

gallery assembly of mesoporous silica in various clays has been reported.“

PCH synthesis makes use of the micellar ordering of silicate species and

surfactants in the restricted two-dimensional gallery region of the clay. PCH also

combines the mesoporous structure of the gallery with the chemistry of the clay

layer. Modifying the chemical composition of the layered host can control

16-18

intrinsic acidity of these materials.15 Moreover the PCH’s acidic character can
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be enhanced by a post-synthesis treatment in a manner quite analogous to the

alumination of MOM-41.

Here we report the incorporation of aluminum into the mesoporous

structure of the clay gallery of a PCH material derived from synthetic saponite via

two different post-synthesis procedures. We show that during the alumination

process, the structural integrity of the original PCH is preserved and the acidity of

the resultant mesoporous clay denoted Al-PCH is significantly enhanced.

The aluminum grafted porous clay heterostructures, denoted Al-PCH

exhibit considerable catalytic activity for cumene cracking reaction and are

notably superior to that of parent PCH and aluminated mesostructures (Al-HMS,

Al-MCM-41).

4.3 Experimental

4.3.1 AI-PCH Synthesis

A saponite PCH was prepared according to the previously described

procedure (Chapter 3). Synthetic saponite with the anhydrous unit cell formula

Na1,2[Mg¢,-](Si6,3Al1,2)Ozo(OH)4 was hydrothermally synthesized at 175 °C and

converted to quaternary ammonium form by ion exchange reacting with

cetyltrimethylammonium chloride. Mixtures of organoclay, neutral amine co-

surlactant and TEOS at molar ratios 1:20:150 were allowed to react for 4 hours

at room temperature. The product was recovered by centrifugation, dried under

controlled humidity and subsequently calcined at 650 °C using a temperature
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ramp rate of 1 degree/min. The obtained silica-intercalated SAP-PCH with

anhydrous unit cell formula (SiOz)13,7' H1,2[Mge](Si6,3Al1,2)Ozo(OH)4 was used to

produce aluminated PCH derivatives via two synthetic routes.

in the first route PCH (0.5 g) was combined with 50 mL aqueous AlCl3

solution to give gallery Si/Al ratios 10 and 20. After a reaction time of 12 hours at

55 °C, the solid products were filtered, washed with water, dried at room

temperature and calcined at 600 °C for 4 hours.

In the second route 0.5 g of PCH in 50 mL water was allowed to react with

NaAlOz at room temperature for 3 hours at gallery Si/Al ratio 5 and 10. The solid

powder was recovered by filtration and washed thoroughly with water. Prior to

calcination at 600 °C for 4 hours the sodium ions in the aluminated product were

exchanged for ammonium ions by stirring the aluminated solids in a 1 M NH4N03

solution.

The products are designated as Ai-PCH1 or 2-X, where 1 or 2 are the

corresponding routes and X is the gallery Si/Al ratio used in the reaction

mixtures.

4.3.2 Cumene Cracking Reaction

Cumene cracking reactions were performed in a 6 mm id. fixed bed

quartz reactor containing 200 mg catalysts. The cumene flow rate was 4.1 umol

min'1 in a 20 mL min'1 carrier gas of N2. Cumene conversions were reported

under steady-state conditions after 30 min. on steam at 300 °C.
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4.3.3 Physical Measurements

Powder X-ray diffraction patterns were obtained on a Rigaku Rotaflex

diffractometer equipped with a rotating anode (CuKa radiation) operated at 45 kV

and 100 mA. The scattering and receiving slits were 1/6 and 0.3 degrees,

respectively.

N2 adsorption-desorption isotherms were obtained at -196 °C on a

Micromeritics ASAP 2010 Sorptometer using static adsorption procedures.

Samples were outgassed at 175 °C and 10'6 Torr for a minimum of 12 h prior to

analysis. BET surface areas were calculated from the linear part of the BET plot

according to IUPAC recommendations.19 The pore size distributions were

calculated by BJH method using the adsorption branch of the N2 isotherm.

2"Al MAS (magic angle spinning) NMR spectra were obtained on a Varian

VXR 400 MHz spectrometer at 104.26 MHz using a 7 mm zirconia rotor and a

sample spinning frequency of 4 kHz. A pulse duration of 9 us and a delay time of

1 sec. allowed for a full relaxation of the Al nucleus. External Al(H20)63” was

used as a reference to determine the chemical shift values.

Temperature programmed cyclohexylamine desorption (CHA-TPD)

profiles were recorded on a Cahn TG system 121 analyzer. Calcined samples (~

30 mg) were transferred directly out of the cyclohexylamine vapor to the

thermobalance and were kept at 150 °C for 2 hours to remove physisorbed CHA.

Desorption thermograms were recorded at a heating rate of 10 °C /min under a

nitrogen flow. The mass loss between 300 °C and 450 °C was used to determine

the acid content of the samples (in mmoles CHA/g adsorbent).
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Elemental analyses were provided by inductively coupled plasma

emission spectroscopy at the University of lllinois Elemental Analysis Laboratory.

4.4 Results and Discussion

All of the Al-PCH derivatives obtained by AlCla and NaAlO2 grafting gave

the same XRD patterns equivalent to parent PCH, as shown in Figure 4.1. There

were no significant changes in the XRD peak intensities and line widths, and no

additional peaks appeared beyond the 29 region shown in Figure 4.1, indicating

that the grafted aluminum centers are well dispersed. The basal spacings of the

Al-PCH materials (Table 4.1) were larger that the spacing observed for the

starting PCH and generally increased with the amount of incorporated aluminum.

This is consistent with the incorporation of increasing amounts of tetrahedral

aluminum into the gallery mesostructure.

The textural parameters for the parent PCH and its Al derivatives are

given in Table 4.1. Figure 4.2 provides representative N2 isotherm and BJH pore

size distribution for Al-PCH1-10 and Al-PCH2-10. All the Al-PCH derivatives

exhibited a type IV isotherm typical for mesoporous materials. They display a

linear region in the partial pressure range 0.05 - 0.25 indicating the presence of

small mesopores or supermicropores (14 — 25 A).20

The textural information derived from the nitrogen isotherms is in good

agreement with the XRD patterns and confirms the retention of the structural

integrity of the PCH after aluminum grafting. Alumination by grafting with AlCI3

(route 1) does not affect the original pore structure of the parent PCH (Al-PCH1-
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20 and Ai-PCH1-10). When sodium aluminate is used as aluminum source

(route 2) a slight decrease in the surface area and pore volume is observed as

the aluminum loading increases from a gallery Si/Al ratio of 10 to 5. The basic

NaA|O2 solution may promote the cleavage of Si - O bond, resulting in a partial

collapse of the interlayer mesostructure. Part of the observed decrease in

surface area and pore volume is related to the added weight of the materials due

to aluminum incorporation.11 However, the BET surface area (623 m2/g) and pore

volume (0.32 cm3/g) obtained for the sample with the highest aluminum loading

(Al-PCH2-5) are still within the range usually obtained for PCH materials.14

In order to elucidate the nature of the incorporated aluminum, 2"Al MAS

NMR spectra were obtained for the calcined aluminum PCH derivatives. As

shown in Figure 4.3 and 4.4, each aluminum derivative exhibits two resolved

lines at 65 and 53 ppm. The 65 ppm resonance is assigned to tetrahedral

aluminum in the 2:1 layer of the synthetic saponite, where the metal is covalently

bonded to three Si atoms and one Mg atom via oxygen bridges.21 The line at 53

ppm can be assigned to tetrahedral aluminum grafted onto the gallery silica.22

The absence of a signal around 0 ppm for octahedral aluminum indicates that

nearly all the aluminum has been incorporated into the siliceous framework. The

27Al MAS NMR spectra in Figure 4.3 for Al-PCH1-10 and Al-PCH1-20

synthesized by reacting PCH with AICI3 in water (route 1) show that the

aluminum content in the PCH increases with the aluminum content of the
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Table 4.1. Properties of the PCH intercalate and Al-PCH derivatives.

 

 

Basal BET Pore Acidity

Sample SilAl‘ spacingb Surface Volume” (mmoles

(A) Area” (cm3lg) CHA/g)

(ma/BL

Al-PCH1-20 24.1 32.0 906 0.45 1 .230

Al-PCH1-10 15.4 33.7 834 0.43 1.450

AI-PCH2-1O 12.7 34.5 786 0.40 1.510

AI-PCH2-5 8.5 34.8 623 0.32 1 .820

PCH - 31.3 860 0.45 0.630

 

aThe galley Si/Al ratios found by elemental analysis.

bThe basal spacings, surface areas and pore volumes are for the calcined

forms of the Al-PCH derivatives.
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Figure 4.1: XRD patterns for calcined PCH and the calcined Al-SAP-PCH

derivatives.
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reactant mixture, which suggests that the aluminum incorporation can be

controlled by the reaction stoichiometry. However, a further increase in AICI3

concentration at Si/AI ratios below 10 resulted in the appearance of the

undesired octahedral resonance at 0 ppm.

On the other hand, as shown by the 27Al NMR spectrum for Al-PCH2-5 in

Figure 4.4 the loading of tetrahedral aluminum could be increased by using

NaAlO2 in the grafting reaction without forming octahedral aluminum. Essentially

all the aluminum incorporated into the Al-PCH2-5 sample is in a tetrahedral

coordination. The strongly basic NaAlO2 solution facilitates the insertion of the

aluminum in the gallery silica matrix. In comparison with the spectrum for the Al-

PCH1 samples the line at 53 ppm is much more intense. This indicates that a

higher percentage of aluminum is incorporated into Ai-PCH via route 2.

However, grafting reactions carried out at higher concentrations of NaAlO2 result

in a loss of greater than 50 % of the surface area. For both alumination

procedures we observe an excellent correlation between the NMR peak

intensities and the amount of the incorporated aluminum found by elemental

analysis (Table 4.1). Taken together these observations indicate that both

procedures are effective methods for aluminum grafting (no extra framework

aluminum present) onto sites on the clay gallery mesostructure. Such aluminum

sites generate acid centers that are accessible and therefore very useful for

catalysis.

The acidities of the Al-PCH derivatives and the initial PCH materials, as

determined using temperature programmed desorption of chemisorbed
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cyclohexylamine,23 are given in Table 4.1. The samples were exposed to CHA

vapors and then heated at 150 °C for 2 hours to remove the physically adsorbed

amine. The weight loss between 200 °C and 450 °C was used to quantify the

acidity, assuming that each base molecule interacts with one acid site. As shown

in Figure 4.5, the TPD profiles for Al-PCH1-10, Al-PCH2-5 and the starting PCH

materials exhibit two types of acidic sites. The intensity of the first desorption

peak at 230 °C is correlated with the clay layer acidity.15 The stronger acid site

represented by the desorption peak at 380 °C is directly related to the grafted

aluminum centers onto the mesostructured silica. it is evident that the

incorporation of aluminum in the mesostructured gallery silica generates

significant Bronsted acidity. The relative peak intensities are in close agreement

with the amount of incorporated aluminum, revealing the superiority of NaAlO2 as

alumination agent. It is clear from the acidity values provided in Table 4.1 that

the aluminum grafting process creates acid sites and the number of acid sites

increases as the amount of incorporated aluminum increases. The enhanced

acidity is correlated with the increase in the aluminum content and is compatible

with our interpretation of the NMR data.

Previous studies24 indicated that samples with high Al content prepared

using NaAlO2 present practically no Bronsted acidity due to the presence of Na+

ions. This problem can be addressed by exchanging the sodium ions after

alumination, first with ammonium ions and then ultimately with protons upon

calcination.
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Figure 4.3: 27Al MAS NMR spectra for the calcined Al-PCH1-20 and Al-

PCH1-10 samples, prepared by post-synthesis grafting with AICI3.
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Figure 4.4: 27Al MAS NMR spectra for the calcined Al-PCH2-10 and Al-

PCH2-5 samples, prepared by post-synthesis grafting with NaAlO2.
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In the present work we compared the cumene cracking activity of our AI-PCH

compounds with those for acidic derivatives of hexagonal AI-MCM-41 and

wormhole Al-HMS molecular sieves containing 5% aluminum (Si/Al = 19). At this

aluminum loading all the aluminum centers in the mesoporous molecular sieves

are in tetrahedral sites. The conversion of cumene requires medium to strong

acid sites.‘5'25 Catalytic cracking to benzene and propane was the main reaction

with only trace amounts of other products being formed, indicating that the active

sites are Bronsted acid sites.26 The catalytic data provided in Table 4.2 show that

the Al-PCH materials substantially outperform the aluminated MOM-41 and HMS

mesostructures as well as the protonated form of saponite and non-aluminated

saponite PCH. It should be also noted that as expected, the increase in activity is

in line with the change in acid content and aluminum loading of the AI-PCH.
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Table 4.2. Cumene cracking activity of Al-PCH’s, parent SAP-PCH and

aluminated mesostructures".

 

 

Catalyst Aluminating Agent Conversion (%)

H+-Saponite - 20.2

PCH - 36.2

Al-PCH1-10 AICI3 55.2

Al-PCH2-10 NaAlO2 58.8

Al-PCH2—5 NaAlO2 66.7

5% Al-HMS NaAlO2 48.9

5% Al-MCM-41 NaAlO2 34.5

 

*Reaction temperature 300 °C, 200 mg catalyst. The cumene flow rate is 4.1

umol/min.
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4.5 Conclusion

A porous clay heterostructure derived from synthetic saponite has been

synthesized and subsequently functionalized with aluminum to produce

aluminated PCH via two post-synthesis procedures using AICI3 and NaAlO2 as

aluminating agents. The resulting materials (herein designated AI-PCH) retain

almost all the supermicroporous to small mesoporous integrity of the parent PCH

and possess significantly enhanced acidity. The amount of aluminum

incorporated into the saponite gallery structure depends on the concentration of

aluminum in the grafting solution. 2"Al MAS NMR confirms that all aluminum is

inserted into tetrahedral position within the gallery silica framework. The

incorporation of aluminum has either no effect on the texture properties of the

original PCH or results in a small decrease in surface area and pore volume.

The aluminum grafting generates Bronsted acid sites that increase in number as

the Si/Al ratio decreases. The acidity of the new AI-PCH materials is significantly

greater than that of the parent material and can be tuned by controlling the

stoichiometry in the initial reaction mixture.

The AI-PCH materials demonstrate high catalytic activity for cumene

cracking reaction, being superior to that of the parent PCH, protonated saponite

and representative mesoporous molecular sieves with hexagonal and wormhole

framework structures. Their enhanced acidity combined with a stable, well-

ordered supermicropore to small mesopores structure opens up new

opportunities for application in acid catalysis.
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Chapter 5

Covalent Grafting of Titanium on the Hydroxyl Groups

Lining the Pore Walls of SAP-PCH

5.1 Abstract

This chapter describes the introduction of titanium centers onto the silica

framework of the porous clay heterostructure materials (SAP-PCH) derived from

synthetic saponite, by a post-synthesis grafting technique. Porous clay

heterostructures were prepared through the use of intercalated quaternary

ammonium cations and neutral amine surfactants to direct the condensation

polymerization of tetraethylorthosilicate (TEOS) in the galleries of the saponite

clay. These mesostructured intercalates have been used as parent materials for

titanium incorporation via a post-synthesis grafting procedure that uses titanium

(IV) butoxide as the titanium source. Samples were characterized by XRD,

nitrogen adsorption, UV-Vis reflectance spectroscopy and elemental analysis. X-

ray powder diffraction and nitrogen adsorption show that the pore structure is

preserved upon grafting despite the moderate decrease in the surface area at

higher titanium loadings. UV-Vis spectroscopy indicates that the grafting method
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produces minimal amounts of Ti-O-Ti bonds favoring the isolated tetrahedral

titanium centers. Taken together these features make the new grafted porous

clay heterostructures (denoted Ti-PCH) promising candidates for catalyzed

conversions of organic molecules. They were effectively utilized as catalysts for

cyclohexene oxidation, their catalytic activity being comparable to that of the

titanium grafted MOM-41.
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5.2 Introduction

Today’s environmental concerns demand the streamlining of the catalytic

processes for the production of fine chemicals. The utility of hydrogen peroxide

as an oxidant is a significant step in this direction due to the fact that its only by-

product is water. Titanium incorporation in several silicates such as silicaiite-t,

ZSM-12, ZSM-48 and zeolite-[3 are well documented and focused to be effective

for the selective oxidation of alkanes, the hydroxylation of phenols and the

epoxidation of alkenes using hydrogen peroxide."6 These materials have been

successfully employed as catalysts for the above-mentioned reactions, but their

use is limited to molecules small enough to fit their pores.

The mesoporous silicas with larger channel diameters could be used to

extend the catalyst capabilities to molecules with larger sizes.7’1o The discovery

of titanium containing siliceous mesoporous materials MOM-41 and MOM-48,

where titanium is incorporated in the framework of mesoporous silica, leads to

remarkable catalytic performance utilizing both diluted hydrogen and organic

peroxides. Titanium incorporation into a molecular sieve can be achieved either

by direct synthesis"""13 or by post-synthesis modification. The grafting method

showed promising results for developing active oxidation catalysts in a simple

and convenient way.“'2° It has been observed for example that the reaction of

titanium isopropoxide with silica surface followed by calcination, gives highly

dispersed titanium centers“"""'19 with strong Ti-O-Si bonds.19

We recently reported the discovery of a new class of solid porous

materials derived from synthetic saponite denoted porous clay heterostructures
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(SAP-PCH) that showed promising acidic properties for catalytic organic

conversions?"22 They were prepared by surfactant directed assembly of

mesostructured silica in the two-dimensional galleries of a layered aluminosilicate

such as saponite.

Here we report the covalent grafting of titanium on the inner lining of the

intragallery nanostructure of SAP-PCH used as parent material and titanium

butoxide as a Ti source. We synthesized three Ti-PCH compositions with the

initial gallery Si/Ti ratio 10, 15 and 20. The products were designated Ti-PCH10,

15 and 20 respectively. We show that the final Si/Ti ratio can be controlled from

the initial reaction composition. Using this synthetic approach the structural

integrity of the original SAP-PCH is preserved, generating a promising

bifunctional catalyst.

5.3 Experimental

5.3.1 Ti-PCH Synthesis

A PCH with the anhydrous unit cell formula

(SiO2)13,7'H1.2[Mge](Si5_3Al1,2)O2o(OH)4 where (SiO2)13,7 is the mesostructured

galley silica, was prepared according to the previously explained procedure

(Chapter 3). Synthetic saponite was hydrothermally synthesized at 175 °C and

converted to quaternaryammonium form by ion exchange. Mixtures of

organoclay, neutral amine and TEOS at molar ratios 1:20:150 were allowed to

react for 4 hours at room temperature. The product was recovered by
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centrifugation and dried under controlled humidity. In order to prevent the loss of

Si-OH groups from the gallery framework, the as-synthesized SAP-PCH was not

calcined to remove the surfactants. instead, the surfactants were removed from

the structure first by treatment 0.1 M HCI to protonate the decylamine and

exchange the cetyltrimethylammonium cation. Refluxing the PCH in ethanol

followed the exchange reaction. The obtained powder is used as the parent

material to produce Ti-PCH via grafting method.

A 1.0 9 sample of surfactant-extracted SAP-PCH was refluxed in 50 mL

dry toluene containing titanium (IV) butoxide for 20 hours. The ratio of gallery

Si/Ti was varied in the range of 10 to 20. The product designated Ti-PCH was

then filtered, thoroughly washed with toluene and ethanol, dried at room

temperature and calcined in air at 600 °C for 4 hours.

5.3.2 Catalytic Oxidation of Cyclohexene with tert-butyihydroperoxlde

(TBHP) '

The catalytic oxidation of cyclohexene (Figure 5.1) was carried out as bath

reaction in sealed glass vials at 40 °C in a shaking bath for 6 h. The reactor was

loaded with 100 mg of catalyst, 10 mmmol of cyclohexene, 11 mmol of TBHP

and 10 mL of CH2CI2. All reaction products were sampled by a syringe through a

rubber septum. Products were analyzed by GC HP5890 with FlD detector.
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Figure 5.1: Reaction scheme for the condensed phase oxidation of

cyclohexene with tetrabutylhydroperoxide, catalyzed by Ti-PCH.
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5.3.3 Physical Measurements

Powder X-ray diffraction patterns were obtained on a Rigaku Rotaflex

diffractometer equipped with a rotating anode (CuKa radiation) operated at 45 kV

and 100 mA. The scattering and receiving slits were 1/6 and 0.3 degrees,

respectively.

N2 adsorption-desorption isotherms were obtained at -196 °C on a

Micromeritics ASAP 2010 Sorptometer using static adsorption procedures.

Samples were outgassed at 175 °C and 10'6 Torr for a minimum of 12 h prior to

analysis. BET surface areas were calculated from the linear part of the BET plot

according to IUPAC recommendations.23

Elemental analyses were carried out by inductively coupled plasma

emission spectroscopy at the University of Illinois Elemental Analysis Laboratory.

UV-Vis spectroscopic measurements were carried out on a shimadzu UV-

310PC UV-Vis-nearlR scanning spectrophotometer equipped with an integrating

sphere. A reflection mode with a resolution of 10 A and BaSO4 reference was

used for the measurements. The collected relative reflection intensity (R. =

Rsampb/Rreference) was transformed into F(R..) by using the Kubelka-Munk function

HR.) = (1-R.)2/(2R.). All spectra were plotted in terms of HR.) versus

wavelengths.
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5.4 Results and Discussion

Generally, the incorporation of large transition metal cations into the silica

lattice often results in lowered crystallinity and surface area. However, Figure 5.2

shows that all Ti-PCH derivatives obtained by the present metal-implantation

routes gave the same XRD patterns as that for the parent PCH. There were no

significant changes in the XRD peak intensities and line widths resulting from the

titanium incorporation. No additional peaks appeared beyond the 29 region

shown in Figure 5.2, indicating that the implanted metal is well dispersed. The

dspacing of the Ti-PCH materials (Table 5.1) is higher than that of the starting

PCH and generally increases with the amount of incorporated titanium. This is

consistent with the incorporation of increasing amounts of tetrahedral titanium

into the gallery mesostructure and is partly due to the longer Ti-O bond length

compared to the Si-O bond. It should be also noted that the gallery Si/Ti ratios in

the starting reaction mixture and found by elemental analysis are in a close

agreement (Table 5.1).

The textural parameters of the parent PCH and its Ti derivatives are given

in Table 5.1. The nature of the mesoporous structure and pore uniformity for

parent PCH and the Ti derivative with the highest Ti loading are illustrated by the

nitrogen sorption isotherms in Figure 5.3. All the materials show a type IV

isotherm typical for mesoporous materials. They display a linear region in the

partial pressure range 0.05 - 0.25 indicating the presence of small mesopores or

supermicropores (14 — 25 A).24 The information derived from the nitrogen

isotherms is in good agreement with the XRD patterns and confirms the retention

132



of the structural integrity after titanium grafting. At lower Ti loadings the original

pore structure is not affected. However when more titanium is incorporated a

slight decrease in the surface area and pore volume is observed, indicating a

limited collapse of the interlayer mesostructure. Part of the observed decrease in

surface area and pore volume is related to the increased weight of the materials

due to metal incorporation. However, despite this decrease the lowest BET

surface area (610 m2/g) and pore volume (0.32 cm3/g) obtained for a sample with

the lowest Si/Ti ratio (Ti-PCH10) are still with in the range usually obtained for

PCH materials. Attempts to obtain titanium PCH derivatives with a Si/Ti ratio

lower that 10 resulted in a more than 50% loss in surface area.

Table 5.1. Properties of the PCH intercalate and Ti-PCH derivatives.

 

 

BET Pore

Sample Sill'i‘ SiITi" dspacing Surface Volume

(A) Area (ems/g)

(102/9)

Ti-PCH-10 10 13.3 36.8 610 0.32

Tl-PCH-15 15 17.8 36.1 680 0.37

Ti-PCH-20 20 22.7 35.2 790 0.40

PCH - - 34.0 850 0.43

 

aGallery Si/Ti ratios in the initial reaction mixture.

”Gallery Si/Ti ratios found by elemental analysis.
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Figure 5.2: XRD patterns for the calcined PCH and Ti grafted samples.
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PCH and Ti-grafted compounds.
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After confirming by both XRD and nitrogen adsorption that the bulk

structure is maintained upon introduction of titanium, UV-Vis spectroscopy was

applied to establish the local titanium environment. The corresponding spectra of

the titanium-grafted samples are shown in Figure 5.4 b-d along with those for the

parent PCH and TiO2 anatase (Figure 5.4 a and 6). All three Ti-PCH materials

exhibit an absorption band in the range 210 - 220 nm whereas bulk titania

(anatase) shows a band at 325 nm. The bands at 210 - 220 nm are attributed to

ligand-to—metal charge transfer associated with isolated Ti(lV) framework sites in

tetrahedral coordination.25 The broad absorption band centered at 325 nm is

typical for Iigand-to—metal charge transfer occurring in bulk titania. The spectra

for Ti-PCH’s lack the 325 nm band characteristic for segregated titania. This

suggests that most of the titanium atoms in our grafted PCH materials occupy

site-isolated positions in the silica framework. No absorption arises from the

parent PCH, which is transparent in this region (Figure 5.4 a). We notice that the

spectra for the titanium modified PCH compounds change with increasing Ti

loading. At low titanium content the main resonance is at 220 nm signifying that

much of the titanium is in site-isolated form. With increasing titanium amount,

this band is shifting towards 210 nm and a broader band at 240 nm is observed.

The possibility of some Ti-O-Ti clustering in the framework cannot be

unequivocally precluded as amorphous TiO2/SiO2 gels exhibit absorption bands

in the intermediate range of 240 — 330 nm.26'27 The increase in width of the 240
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Figure 5.4: UV-Vis spectra of the calcined Ti-containing materials.
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nm band may be also indicative of titanium in a distorted tetrahedral

environment.‘""'29 We believe that this distorted environment is a direct

consequence of the amorphous character of the intragallery nanostructures (i. e.

a wide range of Ti-O-Si bond angles).

The catalytic performance of the Ti-PCH and mesostructured Ti-MCM-41

is illustrated in Table 5.2. The major product is cyclohexene oxide along with

small amounts of cyclohexanediol. The pore structure of the catalyst plays an

important role in the oxidation process especially when a bulky oxidant (TBHP)

is used. Even though the titanium grafted PCH possesses pores in the

supermicropore to small mesopore range most of the titanium centers are

accessible to the reactants. Relative to Ti-MCM-41, Ti-PCH yields a slightly

smaller cyclohexene conversion. The acidic character of the clay layerz1 '22 favors

the epoxide ring opening, converting the cyclohexene oxide to cyiohexanediol.

However, our new Ti-PCH materials proved to be competitive catalysts for the

cyclohexene epoxidation.

Table 5.2 . Oxidation of cyclohexene with TBHP* in the presence of Ti-PCH and

Ti-MCM-41.

 

 

 

Cyclohexene Selectlvity(%)

Catal st

y Conversion Epoxide diol ol + one

(%)

Ti-PCH10 11.2 88.3 9.3 2.4

2%Ti-MCM-41 15.8 92.3 6.8 0.9

 

*Reaction condition: 100 mg catalyst, 10 mmol cyclohexene, 11 mmol TBHP, 10

mL CH2CI2, 40 °C, 6 1'1.
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5.5 Conclusion

Titanium grafted porous clay heterostructures derived from synthetic

saponite clays can be prepared via grafting method. XRD and nitrogen

adsorption analyses confirm that the resulting materials designated Ti-PCH retain

almost all the structural integrity of the parent PCH even at high titanium

loadings. The amount of incorporated titanium can be tuned by controlling the

concentration of Ti in the initial reaction composition. UV-Vis spectroscopy

indicates that all titanium, inserted into the interlayer silica framework is in the

tetrahedral environment.

The acidity of the clay layer along with the titanium modified gallery

nanostructures make these new Ti-PCH materials promising bifunctional acid

catalysts for chemical conversions. They were effectively utilized as catalysts for

cyclohexene oxidation, their catalytic activity being comparable to that of the

titanium grafted MCM-41.
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Chapter 6

Assembly of a Hexagonal Aluminosilicate Mesostucture

(MSU-C) from Restructurecl Synthetic Saponite Clay

6.1 Abstract

Aluminosilicate mesophase denoted MSU-C has been prepared from

synthetic saponite. The layered aluminosilicate was acid treated in order to

selectively remove the octahedral Mg2+ ions from the clay structure.

Restructuring the resulting aluminosilicate sheets around the surfactant micelles,

forms the mesoporous material. Calcination at 550 °C afforded the hexagonal

aluminosilicate mesostructure. Solid state 27Al MAS NMR, in conjunction with

elemental analysis, powder X-ray diffraction and transmission electron

microscopy establish that high concentration of aluminum has been incorporated

into the aluminosilicate MSU-C framework, with retention of mesoscopic order.
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Hexagonal MSU-C has been prepared with a Si/Al molar ratio 8.5, while retaining

three XRD indexable reflections before and after calcination. Its well-ordered

structure and high aluminum content along with the high surface area and pore

volume make this material especially attractive candidate for acid catalyzed

conversions of organic molecules.
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6.2 Introduction

Since the discovery of the M418 family of mesoporous molecular sieves

with tailorable pore sizes ranging from 2.0 to 10.0 nm1'2, a great deal of interest

has been focused on increasing the acidity of the surfactant-organized silicate

frameworks.3’11 With surface areas often over 1000 mzlg and well-defined pore

sizes that are substantially larger than in zeolites, these materials show promise

for applications in catalysis or molecular separation. Heteroatom substituted

mesoporous molecular sieves have also attracted much interest due to their

potential use as adsorbents or catalysts.‘2'13 Of particular interest are the

aluminum containing compounds that may be employed as solid acid catalysts.

Bronsted acid sites can be generated by isomorphous substitution of aluminum

for silicon in the silica matrix. Two potential ways for improving the reaction

properties of Al substituted M418 mesoporous materials focus on increasing the

concentration of aluminum atoms in the aluminosilicate framework or altering the

local coordination of these framework aluminum sites. Such adjustments are

anticipated to have a direct effect on the concentration and charge density of

exchangeable ions present. The cations are required to compensate the

negative framework charges introduced by the incorporation of tetrahedrally

coordinated trivalent aluminum atoms into the siliceous walls. Such cations,

usually protons are the main interaction sites for guest molecules that diffuse,

adsorb and react in the porous channels. While the control of the local aluminum

structure and ordering in M41 S materials remains a challenging goal, more effort

has been directed toward increasing the aluminum content of the mesopore
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frameworks. Such framework aluminum species are generally tetrahedrally

coordinated to oxygen atoms that form covalent bridges to neighboring silica

tetrahedra.

Previous attempts to synthesize ordered mesoporous aluminosilicates

with aluminum contents high enough to increase appreciably their reactivities

have been partially successful, but have tended to yield materials with reduced

degrees of mesoscopic organization. For example, earlier studies have reported

diminished ordering of MOM-41 mesostructures when molar Si/Al ratios of 13 or

lower have been used in the synthesis gels.M XRD patterns of such materials

often show only a single low-angle reflection, from which detailed conclusion

regarding the structure cannot be made. In addition, examples with high

aluminum concentration show the appearance oh the six-coordinated alumina in

solid-state 27Al MAS NMR spectra, which is usually considered to represent

undesirable extra-framework species?”9 More recently, important advances

have been made in improving the structural integrity of Al-MCM-41 through direct

assembly method14 or via various post-synthesis procedures1518 by grafting AI

onto MOM-41 walls using different aluminum sources, followed by calcination.

Also previous studies have shown that aluminated mesostructures can be

obtained from layered aluminosilicates.19 They were formed by intercalation of

20-23
surfactant ions between the silicate layers of kanemite and that inorganic

layers were then folded to develop the mesostructures.
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Unfortunately, at high aluminum content these aluminated mesostructures

cannot preserve their long-range order. Overall, the low acidity of these

materials still limits potential applications in the cracking of hydrocarbons.24

In this chapter we report the assembly of a hexagonal aluminosilicate

mesostructure from restructured synthetic saponite clay. Our new material

denoted MSU-C retains its hexagonal structure even at silicon to aluminum

(Si/Al) molar ratio 8.5.

6.3 Experimental

6.3.1 MSU-C Synthesis

A saponite PCH was prepared according to the previously described

procedure (Chapter 2). The synthetically prepared saponite was subsequently

leached with 0.5 M HCI aqueous solution (50 mL/g clay) at room temperature for

1 h. A 2-g quantity of the leached saponite clay was then digested in 50 mL 0.5

M NaOH solution for 6 h at 100 °C. The hexagonal mesostructure was obtained

by adding cetyltrimethylammonium bromide (0.007 mol) to the precursor

suspension at a SiO2/surfactant molar ratio of ~4.0 and lowering the pH of the

suspension to a value of ~ 9.0 with H2SO4 (0.008 mol). After an aging period of

40 h at 100 °C, the resulting product was recovered by filtration and air-dried.

Sodium ions and part of the surfactant were exchanged with ammonium ions by

treating the as-made mesostructure with 0.2 M NH4N03 solution at 60 °C.

Complete surfactant removal and conversion of NH4" ions to protons was
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achieved by calcination in air at 550 °C for 4 h affording the hexagonal

aluminosilicate mesostructure designated MSU-C.

6.3.2 Physical Measurements

Powder X-ray diffraction patterns were obtained on a Rigaku Rotaflex

diffractometer equipped with a rotating anode (CuKa radiation) operated at 45 kV

and 100 mA. The scattering and receiving slits were 1/6 and 0.3 degrees,

respectively.

N2 adsorption-desorption isotherms were obtained at -196 °C on a

Micromeritics ASAP 2010 Sorptometer using static adsorption procedures.

Samples were outgassed at 175 °C and 10'6 Torr for a minimum of 12 h prior to

analysis. BET surface areas were calculated from the linear part of the BET plot

according to IUPAC recommendations.25 The pore size distributions were

calculated by Horvath-Kawazoe method.26

27Al MAS (magic angle spinning) NMR spectra were obtained on a Varian

VXR 400 MHz spectrometer at 104.26 MHz using a 7 mm zirconia rotor and a

sample spinning frequency of 4 kHz. A pulse duration of 9 us and a delay time of

1 sec. allowed for a full relaxation of the Al nucleus. External Al(H2O)33+ was

used as a reference to determine the chemical shift values.

Elemental analyses were provided by inductively coupled plasma

emission spectroscopy at the University of Illinois Elemental Analysis Laboratory.

TEM images were obtained on a JEOL JEM-1OOCX ll microscope with a

CeBB filament and an accelerating voltage of 120 W, a beam diameter of
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approximately 5 pm and an objective lens aperture of 20 um. TEM samples

were prepared by sonication of the powder in ethanol for 20 minutes and

evaporating 1 drop onto a holey carbon film.

6.4 Results and Discussion

In the present work we prepared a saponite composition with the unit cell

formula Nam[Mgaj(Si6,9Al1,1)O2o(OH)4, (Si/Al = 5.8) by hydrothermal treatment at

175 °C. A detailed saponite synthesis procedure is provided in Chapter 2,

Section 2.3.

As a member of the trioctahedral subgroup of 2:1 phyllosilicates, saponite

contains primarily Mg2+ cations in each of the six octahedral positions of the

O2o(OH)4 unit cell, and a mixture of Si4+ and Al3+ ions in the eight tetrahedral

positions of the cell. Consequently, the layer charge density is determined

primarily by the Si/Ai ratio in the tetrahedral sheet, and the layer charge is

balanced by exchangeable cations in the gallery region between the 2:1 layers.

Another important feature of the saponite is the instability of its octahedral Mg2+

ions towards acids. Mg2+ ions can be selectively leached out of the structure by

treating the clay with concentrated HCI solutions. Figure 6.1 shows the X-ray

diffraction patterns of the saponite before and after acid treatment. It is clear that

after 2 hours reaction time no crystallinity is retained. Table 6.1 shows the

depleted Mg % and the BET surface areas of the treated samples as a function

of time. The surface area increases dramatically from the parent clay value upon

acid treatment, whereas the octahedral magnesium is depleted up to 93%. This
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behavior is in general agreement with other reported observations for acid

27'2” and vermiculite.29treated smectic clays such as montmorillonite

Figure 6.2 reveals the 27Al MAS NMR spectra of the parent and acid treated

saponite. The saponite pattern exhibits one resonance assigned to tetrahedral

aluminum center in the 2:1 layer, where the metal is covalently bonded to three

silicon atoms and one magnesium atom via oxygen bridges.30 As expected,

after HCI reaction the 65 ppm resonance shifted to 54 ppm due to the change in

the aluminum environment upon Mg depietition. The resonance at 54 ppm can

be assigned to tetrahedrally coordinated aluminum atoms that are bonded only to

next-nearest-neighbor silicon atoms by bridging oxygen atoms in the

aluminosilicate framework.31 Weak spinning sidebands appear symmetrically on

either side of the main aluminum peak. Despite the high aluminum content, no

spectral intensity is observed in the region of 30 ppm to 0 ppm, where signals

corresponding to aluminum atoms in five- or six-coordinate environments,

respectively, are typically observed.

We note that during the leaching process, along with magnesium, small

amounts of aluminum reacted with the acid. As a result an increase in the Si/Al

is observed (Table 6.1).

The leached clay was further used as a starting material for the synthesis of

the aluminosilicate mesostructure denoted MSU-C. First the acid treated clay

was digested in NaOH solution for 6 hours. The formation of the hexagonal

mesostructure was achieved by lowering the pH of the precursor suspension to a

value of ~ 9 and introducing the surfactant. Thus the addition of CTAB and
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Table 6.1. BET surface area of acid hydrolyzed saponite.

 

 

BET

Reaction time Mg depletition Surface Area SIIAI‘I

(h) (%) (ma/9)

0.0 0 90 5.8

0.5 54 150 7.2

1.0 80 190 8.1

2.0 93 230 8.5

 

alSi/Al ratios determined by elemental analysis.
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Figure 6.1: XRD patterns for the (A) parent and (B) acid hydrolyzed saponite

(reaction time 2 h).
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Figure 6.2: 27Al MAS NMR spectra for the (A) starting saponite and (B) acid

treated clay.
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H2SO4 to the digested suspension afforded a hexagonal aluminosilicate

mesostructure. The treatment of the as-made mesostructure with 0.2 M NH4OH

solution at 60 °C, displaced exchangeable sodium ions and part of the surfactant.

The product then was calcined at 550 °C for 4 hours to remove the remaining

surfactant and to convert ammonium ions at exchange sites to protons.

Mesoscopic ordering of the as-synthesized and calcined MSU-C materials

was characterized using X-ray powder diffraction, which also permitted the

structural stability of the materials to be examined. The well-resolved (100),

(110) and (200) scattering reflections shown in Figure 6.3 A evidence the

formation of hexagonally ordered aluminosilicate MSU-C. All the observed

reflections for the as-synthesized material are preserved following calcination,

albeit with an approximately 10 % reduction in the lattice parameters (Figure 6.3

B). Despite the high aluminum content, the structure of our MSU-C material

retains the long-range mesoscopic ordering of hexagonal phases.

As shown in Figure 6.4, the MSU-C product exhibits type IV adsorption

isotherm typical for the mesopores containing materials. The nitrogen isotherm of

the calcined product has a sharp increase at P/Po = 0.3 indicating the formation

of hexagonal MSU-C. However, the product possesses an uncommon type-H4

hysteresis at P/Po between 0.5 and 1. This hysteresis is defined as the

difference in nitrogen adsorption volume between the adsorption and desorption

branches in the range stated above. The existence of such hysteresis loop might

indicate that some structural defects are formed in the MSU-C hexagonal
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Figure 6.3: XRD spectra for the (A) as-synthesized and (B) calcined MSU-C

samples.
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channel matrix.32 The inset to Figure 6.4 provides a typical Horvath-Kawazoe

pore size distribution. In spite of its high aluminum content, our new material

owns high BET surface area (850 m2/g) and pore volume (0.60 cm3/g), which are

within the range usually obtained for M418 materials."2

The pore structure of MSU-C is directly visible by transmission electron

microscopy. Our material possesses a regular hexagonal array of uniform

channels of approximately 28 A in diameter (Figure 6.5). We believe that the

structure is defined by the organization of the surfactant molecules into micellar

liquid crystals. The restructured saponite encases the surfactant micelles

producing the desired hexagonal MSU-C in a similar way to M418 mesoporous

molecular sieves formation. In addition to the honeycomblike pattern, the TEM

micrographs show the presence of voids in the MSU-C structure (white areas

indicated by arrows), which vary in size from 5 to 30 nm. These structural

defects have the ability of making the nanochannels highly interconnected, and

thus, improving the diffusion of large molecules in the MSU-C framework

system.”34
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Figure 6.5: Representative TEM image of calcined MSU-C.
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6.5 Conclusion

A new method for the preparation of a mesoporous aluminosilicate with

high aluminum content in the tetrahedral framework sites, with a Si/Al molar ratio

8.5 has been presented. The mesoporous material was synthesized by acid

treating saponite clay and restructuring the resulting aluminosilicate sheets

around the surfactant micelles. Calcination at 550 °C afforded the porous

product while retaining long-range mesoscopic order. X-ray diffraction, 2"Al MAS

NMR and TEM techniques provide a self-consistent evidence for the preparation

of mesoscopically ordered aluminosilicate framework structure. The hexagonal

structure containing voids together with high aluminum content of this MSU-C

material should make it promising acid catalyst for organic chemical conversions,

including gas oil cracking.
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