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Abstract

The work described in this thesis focuses on the ion exchange and structural 

properties of Clinoptilolite, whilst undergoing dehydration. Efforts have been made 

to understand the overall framework structure and to derive the coordination 

geometry around the cations at ambient, through dehydration to 600°C and finally on 

to collapse of the framework.

Single crystal X-ray diffraction studies have identified three framework 

variations eaused by dehydration and the effect of different ion exchanged cations. 

The first framework is the HEU topology, the second is the “heat collapsed” form of 

the HEU topology, and the third is a new framework transformation where the 

symmetry has lowered from monoclinic to triclinic.

Energy Dispersive Diffraction (EDXRD) techniques have provided a detailed 

characterization of the unit cell changes of ion exchanged end members of 

Clinoptilolite from ambient to collapse temperatures (up to 1100°C). The results 

found match contemporary single crystal X-ray diffraction data collected up to 

300°C.

A detailed EXAFS and TGA study has also been carried out on different ion 

exchanged transition metal cations within the Clinoptilolite framework during 

dehydration. From this study it has been possible to identify the effect of water loss 

upon the coordination shells of transition metals and the relationship of the cations to 

framework structure.
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1.0 Thesis Overview

The aim of this project has been to employ a number of techniques to 

characterize the effects of different cations and dehydration upon the framework of 

the zeolite, Clinoptilolite. The results have considerable significance for the nuclear 

industry, particularly the removal, by ion exchange, and entrapment later in cements, 

of low grade nuclear waste; i.e. Caesium (’^^Cs) and Strontium (^^Sr). A number of 

Synchrotron Radiation Source (SRS) based X-ray diffraction techniques have been 

engaged for these experiments. The SRS experiments are complemented by the use of 

laboratory based experiments including Thermal Gravimetric Analysis (TGA), 

Scanning Electron Microscopy (SEM), and X-ray powder diffraction.

Natural Clinoptilolite is ion exchanged with chloride solutions containing the 

ions Cs^, K^, Na"̂ , Li^, Sr^^, Ca^^, and Mg^^. The whole unit cell has been defined and 

monitored across the dehydration period to collapse by using the SRS technique 

Energy Dispersive X-ray Diffraction (EDXRD). By using the whole intensity of the 

synchrotron beam it is possible to take a diffraction pattern in a matter of seconds. A 

relatively new 3-element detector was used in the experiments providing us with the 

ability to study a large d-spacing range simultaneously. A specially designed and 

built furnace allows a pellet of sample to be heated to 1200°C. This technique allows 

a global view of the framework structure to be obtained for each ion exchanged 

sample giving a clear view of the potential for better entrapment conditions for low 

grade nuclear waste, the key being the temperatures at which the framework would 

collapse around the ions removing the risk of ion exchange at a later date once in 

storage. This work has been backed up by data from a rotating anode X-ray 

diffractometer, SEM elemental analysis, and TGA for monitoring dehydration.

11



To complement the EDXRD studies, the microcrystal or single crystal 

diffraction facilities at the Daresbury Synchrotron Source has been used to collect 

high quality diffraction data on single crystals as small 10xl0x20pm in size. This 

experiment uses crystals of an average size of 40x40xl0|Lim in size, with some as 

large as 100x60x20pm. A natural sample of Clinoptilolite was taken for comparison 

with the ion exchanged samples. The monovalent cation samples are fully exchanged 

containing Cs^, K^, and Na"̂ , while the bivalent are only partially exchanged with 

Sr^^, Câ "̂  and Mĝ "̂ . This technique has given us detailed information on the location 

of the cations within the channels of Clinoptilolite and the surrounding water. The 

experiment has been taken further by initiating a newly developed heating unit which 

can perform in situ, high temperature single crystal studies following the movement 

of the framework and cations up to a temperature of 400°C. This heating system 

covers the range across the major dehydration period, which is the period that 

exhibits the greatest amount of change in both the framework and extra-framework 

atoms. Without this new in situ, high temperature single crystal technique it would be 

impossible to monitor accurately the structural changes identified within this thesis.

Finally a QuEXAFS study concentrating on the transition metals Fe, Co, and 

Cu, was commissioned on station 9.3 of the Daresbury SRS. A furnace built in the 

Royal Institution specially designed for the station allows the experimental data to be 

collected simultaneously with a rise in temperature up to 900°C. The QuEXAFS 

technique monitors a single atom type and provides information on the local structure 

surrounding that atom. The technique can therefore give information on the local 

structure around every cation as it heats up over the dehydration period to 900°C. The 

XRD data monitors the unit cell for any changes during heating which can then be 

compared with the EXAFS information.
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1.1 Zeolites: Introduction and Structural Description

Zeolites have a long history not only within a geological time scale but also 

within the realm of science. The term “Zeolite” was first applied in 1756 by 

Cronstedt', joining the Greek for “boil” and “stone”, to represent minerals that expel 

water upon heating, seeming to boil. As zeolite science has progressed new types of 

zeolites have been discovered, which can be used for different applications.

Zeolites are no longer defined as mere boiling rocks but as microporous 

inorganic aluminosilicate compounds. The crystal structure can be visualized as an 

aluminosilicate framework (aluminophosphate and pure silicate frameworks can also 

be included) with pores or channels of an effective size range of 3 to over 15A. 

Figure 1.1 A depicts a number of zeolites with a range of channel sizes displayed. 

These channels contain water and exchangeable cations. Both natural and synthetic 

zeolite frameworks are based on Primary Building Unit (PBU), TO4 tetrahedra, where 

T is either a silicon or aluminium atom. The general formula for a natural zeolite 

adheres to one rule, which is that the Si content in the framework is greater than the 

A1 (Si > Al). The introduction of A1 into the framework gives a bulk negative charge 

that is balanced by an extra framework cation. The types of cations vary depending 

on the locality of formation and the surrounding rock types. Common cations found 

are Na, K, and Ca; less frequent cations found are Li, Mg, Sr, and BaV The general 

formula for a natural zeolite can therefore be described as:

(Li, Na, K)a (Mg,Ca,Sr,Ba)d [ Al(a+2d), Sin-(a+2d),02n ] . mH20

13
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Letter: Name: Type of channel: Dimensions in Â:
A (ID) ALPO-5 12 ring channel along 001 7.3 X 7.3
B (2D) ZSM-5 10 ring channel along 100 5.5 X 5.1

10 ring channel along 010 5.3 X 5.6
C(1D) Chabazite 8 ring channel along 001 3.8 X 3.8
D (2D ) Heulandite 10 ring channel along 001 7.5 X 3.1

8 ring channel along 001 4.6 X 3.6
8 ring channel along 100 4.7 X 2.8

E (3D ) Phillipsite 8 ring channel along 100 3.8 X 3.8
8 ring channel along 010 3.0 X 4.3
8 ring channel along 001 3.3 X 3.2

F Sodalite and single cage 6 ring aperture

Figure LIA: A number of microporous structures both zeolites and ALPO’s emphasizing the 

range of structures available.
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Where round brackets signify extra-framework cations and square brackets denote 

framework atoms.

The formation of a 3 dimensional framework structure takes place by the 

joining of tetrahedral units into Secondary Building Units (SBU)^. These can take the 

form of single or double ring structures as shown in figure LIB . By joining SBUs 

together it is possible to form larger polyhedral blocks, the best example being the 

‘sodalite unit’ or ‘P’ cage. This unit comprises both 4 and 6 ring SBUs which form a

4-1 6 - 1

8

6 - 6

4- 4

6 - 2

4-1

Figure I.IB: Secondary Building Units formed from tetrahedral to describe zeolite frameworks. 

Points denote T atoms, and the straight line joining 2 T-atoms denotes the T-O-T bonds.

cubo-octahedron, which can be linked to 4 and 6 ring SBUs in different formations to 

give a variety of different zeolites from the basic naturally occurring Sodalite zeolite 

to the synthetic Zeolite- A. The SBUs can be simply connected to form actual

15



frameworks, which depending on the combination of structural units formed, can 

classify natural zeolites as follows’:

L Fibrous zeolites

2. Zeolites with singly connected 4 ring chains

3. Zeolites with doubly connected 4 ring chains

4. Zeolites with 6 ring chains

5. Zeolites of the mordenite group

6. Zeolites of the Heulandite group

There are many zeolites that have identical framework topologies based on these 

structural unit affiliations; these are therefore grouped into families of zeolites.

The formation of the framework takes place with respect to cations present 

and these cations order themselves with AlOH groups to influence framework 

formation. The distribution of Al and Si atoms across the framework is a problem 

that has been extensively investigated. Lowenstein’s rule, which forbids Al-O-Al 

bridges, is the principle guiding rule for this type of work’. It has been discovered 

that for most zeolite structures this rule applies. However, it has been noted that for 

some high temperature synthesized Sodalite materials non-Lowenstein distributions 

may have occurred’. Si/Al ratio varies greatly between zeolite types, as well as within 

a genus too. Aluminium within the framework has two major effects on the zeolite, 

which consequently covers most of the industrial applications for which zeolites are 

used: First, the incorporation or substitution of aluminium in the framework causes a 

net negative charge on the framework, for which extra-framework cations and 

protonated sites compensate. The latter produces acid sites that play a large role in the 

catalytic properties of these materials. Extra-framework cations sit within the 

channels in well defined sites. Most natural zeolites contain cations from group 1 and
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2 of the periodic table and each cation has its own unique position within the

channels of each zeolite. Common cations are Na'*', K'*', Câ '*', and Sr̂ '*', although Fê '*’

can be present, as can in principle, almost any cationic species. The second effect of 

aluminium is that the framework becomes hydrophilic. Water fills the channels in 

two forms;

1. As part of the solvation sphere of each cation

2. As lone waters loosely bound to the framework

Zeolites contain a lot of water within the channels but are generally highly 

disordered. As a consequence it is difficult to identify precise water sites by most 

structural techniques’’̂ .

1.2 The Heulandite Family of Zeolites

1.2.1 History and Nomenclature

Brooke first classified the Heulandite family of zeolites in 1822. Heulandites 

were initially considered part of the Stilbite family, but Brooke’ attributed them to a 

separate genus due to the distinctly monoclinic nature of the crystals, as apposed to 

Stilbite, which is orthorhombic in nature. It took a further 110 years before a mineral 

discovered by Pirsson in 1890 in the Hoodoo Mountains of Wyoming was given the 

name Clinoptilolite. Initially thought of as Mordenite, it was Schaller who justified 

the evidence of monoclinic crystals, thus being different from Orthorhombic 

Mordenite. In 1934 Hey and Bannister emphasized the similarity between 

Clinoptilolite and Heulandite’.

It has been much more difficult defining the difference and therefore the 

proper nomenclature for Heulandite and Clinoptilolite minerals. In 1960 Mason and
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Sand^ almost simultaneously with Mumpton"^ proposed two redefinitions of 

Clinoptilolite. The former suggested that Clinoptilolite is a zeolite of the Heulandite 

group with Na + K > Ca. Mumpton defined Clinoptilolite as a zeolite of the 

Heulandite family if a crystal survives heating at 450°C overnight. Failure due to loss 

of crystallinity denotes Heulandite. Both Alietti (1972)^ and Boles (1972/ 

investigated the second definition by looking at the relationship between thermal 

behavior and chemical composition clarifying the differences in both definitions. 

Boles, finding these definitions to be limited for each mineral, proposed to denote a 

zeolite as a Clinoptilolite if Si/Al >4 and as a Heulandite if the Si/Al ratio is < 4. This 

definition has now been ratified and is commonly used to define the minerals within 

this genus. To identify the individual zeolites in this family and each cation variant, a 

suffix or prefix denoting the most abundant extra framework cation identified in the 

mineral is used e.g. Na -  Clinoptilolite, Ca -  Heulandite, Clinoptilolite -  K, and 

Heulandite -  Mg.

1.2.2 Crystallography

The structural topology of the Heulandite framework has been well 

categorized. It possesses a monoclinic C2/m space group symmetry with two sets of 

channels. The first set is parallel to the 001 axis. The 8 (4.6 * 3.6 Â) and 10 

membered ring channels (7.5 * 3.1 Â) run parallel to each other. An 8 membered ring 

(4.7 * 2.8 Â) channel running parallel to the 100 axis crosses both 001 channels. The 

channels criss-cross each other creating a 2 dimensional channel system parallel to 

the 010 axes forming a layer like structure. Figure 1.2.2A shows the 3D channel 

formation of the Heulandite family.

18



Figure 1.2.2A: Simple schematic view of Clinoptilolite channel formation viewed, to the left, 

down the c axis, and on the right, looking down the b axis. Dark blue channels are the 8 ring 

channels running parallel to the a axis and light blue refers to the 8 and 10 ring channels 

running parallel to the c axis.

There is still much confusion over the true space group symmetry for 

Clinoptilolite and Heulandite. Merkle and Slaughter’ŝ  first structure refinement of 

Heulandite in 1968 had the symmetry at Cm. Alberti (1972)^ studies showed that 

refinements could be also made in the space groups of C2/m, Cm, and C2. He then 

went further by producing a table of Merkle and Slaughter’s coordinates, which he 

referred to a new origin on a pseudo centre of symmetry. He deduced that the space 

group C2/m had the best fit for these data. Subsequent single or powder x-ray 

diffraction experiments by a number of different authors have been refined into the 

maximum symmetry space group C2/m for this family of zeolites.

There is also short range Si, Al ordering within the framework, which has 

been identified for all Heulandites and Clinoptilolites refined in the maximum 

symmetry of C2/m. the main features are as follows:

1. In all cases the tetrahedron on the T2 site contained most of the Al in the 

framework: For a concentration of around 50%. Ruiz-Salvadore et al^
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calculated the minimum energy for Si and Al arrangements in the framework 

with various cations. They found that the T2 site was preferentially chosen for 

the highest concentration of Al.

2. The tetrahedron with the second highest amount of Al (< 25%) could be on 

any of the other sites (Tl, T3, T4, or T5), but this is sample dependant. 

Samples from different localities show a variety of secondary Al tetrahedron 

sites depending on the environment and the cations present at formation.

Point 2 emphasises that each Heulandite or Clinoptilolite sample Al locality is 

unique, to some degree, to any other Heulandite or Clinoptilolite sample locality. 

This will have a strong effect on cation diffusion, cation exchange, and cation sites 

within the channel. Figure 1.2.2B highlights the T l -  T5 positions for the typical Al 

positions within the framework.

Figure 1.2.2B: An ambient Cs exchanged Clinoptilolite viewed down the 001 axis highlighting 

the typical positions for the Al sites (in pink) in the framework.
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Two examples of sample inconsistency in Heulandite / Clinoptilolite are 

given firstly by Gunter et al’° and secondly by Tarasevich et al^\

Gunter et al used three different natural Heu samples to study the ion 

exchange capacity for Pb^^. The natural Heu samples were of the following 

composition:

HI: Ca3.6 Ko.8 Alg.g Si2?.4 O72 21.6 H2O

H2: Ca2.i Mgo.3 Na2.5 K0.3 Alg Si28.2 O72 25.5 H2O

H3: Ca3.7 Nai.3 Ko.i Alg g Si27.i O72 21.4 H2O

The Heulandite crystals were crushed to around 100-500p.m and stirred for 4 

weeks in a 2 M solution of NaCl at 100°C. The result of this initial processing left H3 

fully exchanged, while HI and H2 still contained traces of other cations. The crystals 

were then left for 3 weeks in a 2 M solution of lead acetate at 100°C. As with the first 

process only H3 exchanged completely, while the other two samples still contained 

prevailing cations.

Tarasevich et al completed similar ion exchange experiments on 2 different 

Na - Clinoptilolite samples. and Pb^^ were ion exchanged into Na -  Clinoptilolites 

with similar Si/Al ratios and ion exchange capacities. Tarasevich speculated that 

some specific feature of the Clinoptilolite structure is responsible for the cation 

selectivity. He suggested that a Ca rich natural Clinoptilolite used in his study would 

be more preferential for bivalent cations such as Pb̂ "̂  due to specific crystallization of 

the framework and its Si/Al distribution with respect to charge balance with bivalent 

cations at formation; while a Na rich Clinoptilolite would be preferential for 

monovalent cations for similar reasons.
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1.2.3 The Memory Effect in the Heulandite Family 

Frameworks

There is also evidence that suggests that the environmental conditions present, 

at the creation of a Heulandite family member, have an effect on the Si/Al 

distribution throughout the framework. The evidence comes from three separate 

approaches:

1. The study of growth texture of natural crystals

2. Structural modeling of HEU frameworks with both Na and Ca

cations by applying lattice energy minimization techniques

3. Hydrothermal synthesis of HEU frameworks

Optical and X-ray techniques employed by Akizuki et al’ ,̂ discovered that 

each single crystal of Heulandite is made up of sectors with either triclinic or 

monoclinic symmetry. This difference from growth sector to growth sector is due to 

the atomic arrangement of the exposed tetrahedral framework on the growth step 

surface. The distribution of Si/Al across the exposed tetrahedral framework defines 

how growth of the crystal face will occur; if Al^^ is present an extraframework cation 

will be absorbed for charge balance. Alternatively a Si'̂ '̂  atom is incorporated and no 

cation absorbed forming an adjacent tetrahedral unit. These pairs of diverging growth 

processes cause the growth sectors to differ from sector to sector, forming crystals 

made of interwoven polymorphs.

Structural modeling of HEU frameworks by computational methods has only 

recently been implemented with success. Works by Channon et al^  ̂ and Ruiz- 

Salvador et al^ have shown that calculations of the minimum energy for Si and Al in 

water free Na Clinoptilolites and Ca Heulandites, contain different site preferences 

for the major Al site depending on the type and location of the extra framework
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cation. Extra framework cations can occupy various sites within the channel 

structure, which are unique to that cation which conversely effects the distribution of 

Al throughout the framework.

In synthesizing HEU frameworks with different starting gel compositions, 

Zhao et al*"̂  demonstrated that differing monovalent cation hydroxides affect the 

Si/Al ratio within the framework. Na and K cations present at formation tend to cause 

a higher Si/Al ratio, which is opposite to the effect of Li. Rb in the gel keeps the 

Si/Al ratio close to the starting gel proportions. These results have been interpreted as 

demonstrating that different cations at formation cause different crystal growth 

mechanisms to take place. For each cation a different effect is caused at each crystal 

growth step, thus effecting the distribution of Al tetrahedra throughout the 

framework.

1.3 Applications

1.3.1 ion Exchange and Adsorption

Typically, the major role of the Heulandite family of zeolite in industry is to 

remove various toxic or unwanted cations, predominantly group 1 and 2 elements of 

the periodic table. There is, however, a cation preference present within each unique 

natural sample that is highly dependant on the environmental conditions present at 

formation. There are however some generalizations that can be made. Certain cations 

are generally considered to be more preferentially exchanged than others into 

Clinoptilolite. The ease of exchange for certain elements is given below with the first 

element named being the most preferentially exchanged element:
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Cs* > Rb* > NH4* > K* > Na* > Li* > H*

• Ba^*>Sr^*>Ca^*>M g^*“

• Ba^* > Pb^* > Cd^* > Zn^* >Cu^* "

The first two points are predicted based on experimental knowledge, while 

the third point has been described theoretically^^. In response to point three, 

experiments were completed, which disagreed with the computational results. 

Experiments revealed:

• Pb^* = Ba^* > Cu^*, Zn^*, Cd^*

Using a Na Clinoptilolite as a reference the following results have been

found:

• NH4* > Pb̂ * > Na* > Cd̂ * > Cû * s  Zn^* **

• Ptf* > NH4* > Cû * s  Cd̂ * > Zn̂ * H Cô * > Nî * > Hg *̂

The overall trend is that larger cations exchange easier into Clinoptilolite than smaller 

ones and that monovalent cations are preferentially exchanged over bivalent 

elements.

1.3.2 Wastewater Cleansing

Studies have shown that ammonia can be removed from wastewater using 

Clinoptilolite containing tuffs. Not only can the ammonia be removed by 

Clinoptilolite, but also subsequent regeneration of the zeolite by NaCl and KCl 

solutions strips residual ammonia leaving an ammonium phosphate fertilizer. The 

Tahoe-Trukee Sanitation Agency in California has used Clinoptilolite for ammonia 

removal between 1978 and 1993 with success NASA also use a Ca saturated 

Clinoptilolite for the removal of ammonia from its advanced life support waste water
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system^’. Further research has shown that Clinoptilolite can also be used to remove 

metals including Pb and Cd from wastewater.

1.3.3 Removal of low grade nuclear waste

Table 1.3.3A shows examples of zeolite use in the treatment of nuclear waste 

(Taken from A.Dyer)^^. Both the USA and Great Britain use natural Clinoptilolite to 

decontaminate radioactive wastewater of Cs"̂  and Sr̂ "̂  radioisotopes^^. Fission 

products are produced from the storage of spent nuclear fuel elements removed from 

the nuclear reactor and stored under water in ‘ponds’. ‘Pond cooling’ is necessary to 

allow both thermal and radiation cooling of the elements to take place prior to 

reprocessing. However, the long periods necessary for cooling create large amounts 

of medium and low level nuclear waste. Table 1.3.3B shows the typical ion make up 

of ‘pond’ water (Taken from A.Dyer)^^.

The British Nuclear Fuels pic, Sellafield plant, in Cumbria uses natural 

Clinoptilolite from the Mud Hills deposit in California to remove Cs and Sr isotopes 

from the effluents, reducing the amount of radioactivity released into the Irish Sea.
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Table 1.3.3A: Examples of zeolite use in the treatment of nuclear waste

Type of effluent Location Zeolite used Isotopes removed

High-level radioactive Hanford Nuclear Linde AW-500 "''Cs

waste Lab., USA (Chabazite)

Purification from Hanford Nuclear Large part ■” Cs

above source Lab., USA mordenite

Process condensate Hanford Nuclear Large part ‘"'Cs

waste water Lab., USA mordenite

Low level waste water National Reactor Clinoptilolite '"'Cs

from storage pond Station, Idaho, USA ’ '"Sr

Evaporator overheads Suvannah River, S. Linde AW-500 '"'Cs

and waste water Carolina, USA

Waste water from fuel British Nuclear Fuels, Clinoptilolite '"'Cs

storage Sellafield, UK ^ S r

Table 1.3.3B: Typical ion make up of ‘pond’ water (pH 11.5)

Ion Present Concentration

Na+ 100 m gr'

1.5 mgl '

Mg2+ 0.7 m gr'

Cs+ 17.0 u g l '

s /+ 0.52 Hgr'

1.3.3.1 The 1986 Chernobyl Disaster

The aftermath of the meltdown of Chernobyl left enormous amounts of the 

radioactive isotopes *^^Cs, ^®Sr, and ^^Sr spread throughout the local and

regional environment. Around 500,000 tons of zeolite rock, predominantly
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Clinoptilolite, was processed in the Ukraine, Georgia, and Russia, for specific use in 

and around Chemobyl^t The zeolites were used to build protective barriers and for a 

number of agricultural applications. The Dnieper River was decontaminated using a 

combination of Clinoptilolite dust and aluminium sulfate in the river, followed by 

water filtration through Clinoptilolite tuff beds^^. Similar filtration beds were used to 

decontaminate drainage water running off the Chernobyl site. Filtration reduced 

’^^Cs by 95% and ^°Sr by 50 -  60%. After one year filters carrying a radioactivity of 

10'^ Ci/kg were exchanged and buried^^.

On a wider scale Clinoptilolite was used for a variety of applications. In 

Bulgaria 10% Clinoptilolite was added to cow feed. This reduced Cs radionucleides 

in cow’s milk by 30%^^. Between 2-30wt.% of Clinoptilolite was added in powder 

form to chocolate and biscuits to help remove Cs contamination in adults and 

children Clinoptilolite was also tested in Western Europe to reduce radionucleide 

levels in soiP^, plants^^, sheep^^, broiler chickens^®, and fruit juice^\

1.3.4 Agronomic and Horticultural Applications

The main purpose of a zeolite such as Clinoptilolite in such a field is for slow 

release fertilization or a combination of ion exchange and mineral dissolution 

reactions. In the case of Clinoptilolite it is the use of K and NH4 exchanged 

Clinoptilolites that are of greatest importance^^. The term zeoponics has been applied 

to the use of zeolite rich soils for plant cultivation.
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1.3.5 Animal Hygiene and Bedding Products

Clinoptilolite has many uses in this area, in particular for cat litter, which is 

consumed worldwide with an annual volume equal to about that of the annual 

production of natural zeolites^^. Clinoptilolite favorably exchanges and can

have surface absorption of odours such as ethylene, aldehydes, mercaptans, ketones, 

and H2S.

1.3.6 Gas Separation

The gas adsorption characteristic of Clinoptilolite strongly depends upon the 

extraframework cations^* .̂ Nitrogen uptake, relative to methane increases the further 

away from pure Ca or K forms of Clinoptilolite. It has been suggested, by Barnes et 

al.^^, that a specific K/Ca distribution within the channels could act as a hydration- 

controlled nano-valve. Partly exchanged Clinoptilolites applied to N2 and O2 

separation from air yielded increasing separation rates for the sequence K> Rb > Na 

> Cs > Li^^

1.4 Project Aims

As the introduction has shown, Clinoptilolite has a number of practical 

applications which have been studied closely. The aim of this project is to 

understand the effect of cations and internal water on the crystal structure, within an 

industrial setting, particularly ion exchange of low grade nuclear waste.
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In this thesis we report on a series of in situ studies which investigate aspects 

of the Si/ A1 framework structure at different temperatures and with different cations 

using a number of techniques to characterize their effect on the framework.

Firstly, we will study the single crystal X-ray diffraction results of a number 

of ion exchanged Clinoptilolites, identifying the repercussions of varying cations and 

dehydration upon the framework of Clinoptilolite. Secondly, we will study the unit 

cell of ion exchanged Clinoptilolites with respect to cation type and charge, the 

effects of dehydration, and determining the temperature at which the framework 

collapses. The final study looks closely at the local structure surrounding transition 

metal cations by using the QuEXAFS technique.
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Chapter 2 

Experimental Techniques
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2.0 Summary

In the last chapter we were introduced to zeolites, and more precisely 

Clinoptilolite, introducing the many and varied applications for which this mineral 

can be used. From this background on the mineral and the extent of the aims of this 

project it is necessary to provide a background to the experimental techniques that 

have been employed to complete this thesis.

The thesis has made extensive use of Synchrotron Radiation (SR) techniques, 

including energy dispersive X-ray diffraction techniques (S-EDXRD), single crystal 

or microcrystalline X-ray diffraction, and EXAFS. Laboratory based techniques are 

used to complement and contribute to the SR studies, with data being reported on 

thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and 

rotating anode (L-EDXRD).
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2.1 Introduction

X-ray diffraction techniques are one of the most common and powerful tools 

that can be employed in solid state chemistry to aid with phase identification and 

structure solution of materials that possess long-range structural order, such as in 

most zeolites. Diffraction can effectively be used on a number of sample forms from 

crystals to powders and a variety of sample sizes.

The first diffraction technique to be discussed is energy dispersive X-ray 

diffraction (S-EDXRD). This is a low resolution diffraction technique compared to 

single crystal and high resolution powder diffraction methods, but what the technique 

loses in resolution it gains in the sheer intensity of X-rays on the sample. Its 

advantages are very quick data collection times for time resolved studies and high 

intensity X-rays for studies which would normally be impossible under normal lab X- 

ray conditions such as in situ synthesis experiments within a steel autoclave. In this 

project S-EDXRD has been applied for monitoring the reaction of Clinoptilolite on 

raising the temperature through dehydration to collapse, which is needed to identify 

any alteration in the framework and or phase transitions that might occur whilst 

heating.

Single crystal X-ray diffraction is the best technique available to provide good 

data for producing a structure solution. However, in many cases it is impossible to 

produce single crystals of a sufficient size to be mounted and then diffract. 

Fortunately, as Clinoptilolite is a natural zeolite, crystals are available in nature. The 

microcrystalline X-ray diffraction station 9.8 at Daresbury SRS has previously solved 

structures for crystals as small as 5pm across. The natural crystals used in this project 

are typically 40x40x10pm.
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While the long range order of ion exchanged Clinoptilolite has been 

monitored using diffraction techniques, short range order around single cations has 

been explored using a combined X-ray diffraction and Extended X-ray Absorption 

Fine Structure (EXAFS) technique based on station 9.3 at Daresbury SRS. A series of 

in situ studies have been completed following the effect of dehydration on transition 

metal cations within the channels of Clinoptilolite.

Thermo gravimetric analysis (TGA) provides weight loss information during 

the dehydration of each ion exchanged Clinoptilolite sample. The data have been 

collected at Birkbeck Colleges Chemistry Department. Elemental analysis data 

collected on Birkbeck Colleges Geology Department SEM was essential for each 

experiment as it was necessary to know the amount of ion exchange that had taken 

place.

Rotating anode X-ray diffraction (L-EDXRD) data have been collected at the 

Materials Science Laboratory (MSL) Daresbury SRS. In order to validate the S- 

EDXRD results. The rotating anode works in a similar way to S-EDXRD, but has 

much less intensity and is completed in a laboratory as apposed to from a 

synchrotron.
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2.2 Synchrotron Radiation

Synchrotron radiation was originally noted as a byproduct of electron 

synchrotrons used for high energy physics experiments. Electrons following a curved 

path, induced by a magnetic field, at ultra relativistic speeds (close to the speed of 

light) produce synchrotron radiation' Figure 2.2A provides a simplified schematic 

of the synchrotron storage ring. All the synchrotron experiments shown in this thesis 

have been completed at the Daresbury Synchrotron Radiation Source (SRS) near 

Runcorn, England. This synchrotron, like others around the world, creates 

synchrotron radiation by the same methodology. A linear accelerator or LINAC 

accelerates the electrons in a booster ring before they are injected into the storage 

ring at ultra relativistic speeds. Within the storage ring powerful bending 

electromagnets maintain the electrons in a constant orbit. As the electron beam is 

bent it emits a whole range of electromagnetic radiation called synchrotron or white 

radiation. The radiation is produced tangentially by the emitting electrons into a 360° 

fan around the circumference of the storage ring. The radiation covers a wide 

spectrum of wavelengths from infrared to hard X-ray. This energy is channeled from 

the storage ring by a series of beam lines away from the storage ring to the 

experimental stations. The continual loss of energy, from the orbiting electrons, needs 

to be restored. A continuous radio frequency produced by a ‘klystron’ is used. Loss 

of beam current is due to scattering and colliding of the electrons within the beam. At 

the Daresbury SRS refill of the beam occurs a minimum of once every 24hrs, and can 

be as often as every 6 hours depending on the quality of the vacuum in the storage 

ring and beamlines. A poor vacuum leads to low lifetimes and low intensities, which 

leads to an increase in the number of refills. A high quality vacuum (10'^ Torr) is
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needed to keep the beam moving as collisions with gas molecules would lead to 

electron scatter

Booster Ring

Electron injection 1

Electron orbit with 360° 
synchrotron radiation fa n ^ V JId U ^ '

LINAC

Storage Ring

••

Beamlines

Bending Magnets

Figure 2.2A. Schematic of the Synchrotron Radiation Source at Daresbury Laboratory, 

England.

from the beam produce loss of energy' The Daresbury SRS operates at 2GeV with 

a typical current of 230mA after a refill and 100mA just before beam dump.

The distribution of the synchrotron radiation flux can be further altered by the 

use of magnetic insertion devices known as ‘wigglers’ and ‘undulators’ inserted into
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the straight sections between the bending magnets. A ‘wiggler’ magnet shifts 

radiation up to higher energies by altering the radius of curvature of the beam while 

an undulator creates a series of very sharp peaks in the spectrum, allowing flux 

enhancement at certain frequencies. Stations 16.4 and 9.3, used in this project are 

both on beamlines equipped with ‘wiggler’ devices*'"^.

Synchrotron radiation has a number of unique benefits over conventional 

laboratory based sources, which for the experiments described within this thesis have 

great relevance:

• The first benefit is that the X-ray intensities are orders of magnitude greater 

(around 10  ̂ times) over a broader spectrum, than available from conventional 

laboratory sources. The high intensity X-ray beam supplied allow experiments to 

be completed on smaller or very dilute samples and allows high-speed data 

collection. Furthermore, the sheer intensity of the high energy X-ray beam enable 

it to pass through stainless steel autoclaves allowing in situ experiments under a 

variety of environmental conditions, which would be impossible off line in a 

laboratory.

• The second major benefit is that the white beam covers a broad range of 

wavelengths from infrared to hard X-rays. This wide range of wavelengths can 

be tuned for specific experiments such as in EXAFS where a specific energy 

range is chosen for each element.

• The third major benefit is that the beam can be highly collimated allowing very 

high resolution data to be collected on very dilute or small samples without the 

data being saturated by excess background scatter, spurious radiation, or 

secondary internal diffraction from the sample.
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• The fourth benefit is that the beam is strongly polarised in the plane of the 

synchrotron -  a property which may be of major benefit in studies of magnetic 

systems.

2.3 Basic X-Ray Diffraction Theory

X-ray diffraction (XRD) is used in chemistry for phase identification of 

crystalline materials as each diffraction pattern is unique and can therefore be used as 

a ‘fingerprint’ to identify the material or materials present in a crystalline sample.

In both powder and single crystal diffraction a monochromatic beam of X- 

rays is predominantly used, which is diffracted by each set of lattices planes in 

accordance with the Bragg equation:

X = 2d sin0 (2.1)

where X is the wavelength of the X-ray radiation, d is the distance between lattice 

planes and 0 is the angle of the detector in relation to the incident X-ray beam. The 

spacing, d, of a set of planes in a crystal is defined as the perpendicular distance 

between any pair of adjacent planes in the set. Powder diffraction patterns are 

typically plotted as intensity versus 20. The intensity of each reflection is directly 

proportional to the square of the amplitude:

I h k l  I  F h k l  I ^  ( 2. 2)
Where the amplitude F is given by the diffracted X-ray wave from the sample. 

It is the combination of both intensity and diffraction peak position that gives rise to 

the ‘fingerprint’ of each diffraction pattern and it is this which allows us to identify 

the unique phase or phases present in the sample^'^.

A regularly repeating lattice is required to produce sharp Bragg peaks; and while 

scattering of X-rays is caused by the electrons of the atom, it is often considered, for
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ease of description, to be caused by the lattice planes or the atoms themselves. X-rays 

are diffracted by the crystal lattice because they have a wavelength similar to the 

inter-atomic separation of ca A k . Braggs law is based on the criteria for constructive 

interference which occurs when the reflected beams are in phase, resulting in a strong 

reflection of each lattice layer resulting in a sharp intense peak. At other angles of 

incidence, the scattered beams interfere destructively and cancel each other out. 

Knowledge of each crystallographic system and the associated unit cell parameters 

will allow the Bragg angle for each set of planes in a given crystal to be calculated for 

a given wavelength. Conversely, a given set of reflections, recorded at a known 

wavelength, can be indexed and used to calculate the cell parameters of the 

crystalline material^'^.

Advances in powder diffraction technology, and in particular with the advent 

of high resolution (HRPD) facilities, it is now possible not only to identify the phases 

present but also to solve the structure of materials from the powder data alone^’ ’̂

The traditional angle dispersive method for collecting X-ray diffraction patterns in a 

laboratory employs a detector which is on a moveable arm. The X-rays are fired at 

the sample and the detector arm is moved in an arc around the sample collecting data 

incrementally across a chosen 20 range. The beam is usually collimated at a series of 

points to improve the quality of the data. The size of the increment and data 

collection time at each point is determined by the quality of data required. For simple 

phase identification a data collection strategy of 0.04° increments over a range of 5- 

40° and a data collection time of <1 second per point may be sufficient. Alternatively 

if the data is to be used in structure solution much higher quality data is required and 

the collection strategy altered accordingly. However, for time resolved in situ 

experiments under different environmental conditions, the use of angle dispersive
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HRPD is not always the best choice. The low X-ray intensity associated with lab and 

SRS HRPD due to a monochromatic wavelength is not strong enough to penetrate 

reaction vessels and the angle dispersive experimental set up is not suitable when 

collection of the pattern needs to be in seconds and not minutes. Therefore it is 

necessary to turn to other diffraction techniques such as Energy Dispersive X-ray 

Dijfraction which is described in the next section.

2.4 Energy Dispersive X-ray Diffraction (S-EDXRD)

Energy dispersive X-ray diffraction can be used to study a variety of different 

experimental conditions from in situ synthesis to high pressure experiments^'^ The 

whole diffraction pattern can be collected rapidly within a limited d-spacing, 

depending on the set up of the detectors, which is primarily due to the high intensity 

X-rays channelled directly from the synchrotron.

S-EDXRD has several fundamental differences from regular laboratory 

powder XRD. The first major difference is that S-EDXRD peaks are measured as a 

function of X-ray energy unlike with angle dispersive powder XRD where it is 

measured as a function of 0. This difference is effected by a simple change in design 

of the diffractometer. Powder X-ray diffractometers have a variable angle detector 

where as in S-EDXRD the detector angle is fixed. The second difference is that a 

white, i.e. variable wavelength, beam is used in S-EDXRD as opposed to constant in 

normal XRD. These differences are summed up in the alteration of Bragg’s law used 

for traditional XRD equation 2.1, and that for S-EDXRD:

nX = 2d sin 0 (2.3)
X = hc/E (2.4)
n(hc/E) = 2d sin 0 (2.5)
6.1992 = Ed sin 0 (2.6)
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In equation 2.3 h is Planks constant, c the speed of light, E the photon energy and X 

the wavelength. Bragg’s law is then inserted in equation 2.4 and added to equation 

2.5 to give you the energy dispersive version of Bragg’s law in equation 2.6. Here d 

is the spacing between lattice planes and 0 the fixed detector angle (with respect to 

the incident beam).

The S-EDXRD experiments presented in this thesis were completed on station 

16.4 of the Daresbury SRS. To give this station the widest d range measurable three 

germanium crystal solid state detectors are used simultaneously, at a fixed 20 angle 

apart. Figure 2.4A shows a basic schematic of the set up of the station. Each detector 

can be moved to cover a specific d range so as to tune the d range to any given 

sample. The 3-element detector array was developed jointly by Barnes et al. at 

Birkbeck College London and the Daresbury SRS‘ ’̂''̂ ’' .̂

Three Element 
Detector Array

Fiunace

W h ite
Radiation

Diffracted X-Rays

Collimator Collimators

Figure 2 . 4 A :  Basic schematic of the experimental setup on station 16.4 at the Daresbury SRS.
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In figure 2.4B we can see that the collimated beam is taken directly from the 

storage ring; beamline 16 is on the wiggler insertion magnet so giving hard, short 

wavelength X-rays. A specially designed furnace built by Birkbeck College and the 

Royal Institution of Great Britain has been used for all the S-EDXRD experiments in 

this thesis. The furnace design for station 16.4 is shown in figure 2.4C. A tube 

running from the front to the sample allows the incident beam to reach the furnace 

core. A thin slice of aluminium foil covers this first aperture to help reduce heat loss. 

A channel leaves the rear of the furnace tapered to 15° to allow all diffracted rays at 

this angle to reach the solid state detectors. This exit is also covered by aluminium 

foil to reduce heat loss. The 13mm sample pellet is seated in the centre of the furnace 

with a K type thermocouple located directly onto it keeping the temperature constant 

within the furnace cage to 4--0.5°C. The furnace cage is made of alumina rods and a 

ceramic housing with a Kanthal element wire. Figure 2.4D illustrates both the furnace 

and sample holder, which is being placed into position through top of furnace.

6T Bending 
Wiggler Magnet

Storage Beam

Pinhole
Alignment Selector

Slits ra

« H
n

2mm Be 
Window

0.1mm AI 
Window '

2mm Be 
Window

Station 16.4

Figure 2.4B: Diagram showing the journey of the beam from storage ring to experiment for 

station 16.4.
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Wire to power supply
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-------------1 Diffracted X-rays
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Figure 2.4C: Schematic of the RI/Birkbeck College Furnace set up for Station 16.4 Daresbury 

SRS.

Figure 2.4D: The RI/Birkbeck College Furnace for Station 16.4 Daresbury SRS. Sample bolder 

is inserted through the top of the furnace.
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2.4.1 Calibration of Detector Angie and Energy Scaie

Station 16.4 uses a Germanium single crystal solid state detector which works 

by photons exciting electrons in the germanium crystal. The single crystal has a 

current running across it which channels the electrons to a multichannel analyser 

which counts the number of electrons per photon event. A photon event is defined by 

the count time of the detector which for 16.4 is around 2pseconds. A longer or shorter 

count time might hinder data collection by either truncating or overlapping photon 

events.

Initially each detector needs to be calibrated to calculate the start (a) and step 

(b) parameters, which is completed with the use of an americium radioactive dial 

source which is placed in front of each of the detectors. The dial source has 6 

fluorescence lines given from Cu, Rb, Mo, Ag, Ba, and Tb, standards. The collection 

time for each standard varies depending on the fluorescence energy of each element. 

For example a low energy sample such as Cu has a collection time of 300 seconds, as 

opposed to Tb, which has a collection time of 12 seconds. The channel number 

positions of the 6 fluorescence lines given from Cu, Rb, Mo, Ag, Ba, and Tb, 

standards are plotted with energy (KeV) against channel number; the energy 

calibrants (a) and (b) are obtained from the resulting linear fit. By using the start and 

step parameters calculated above it was possible to convert the horizontal scale of the 

data sets from channel numbers to energy (KeV).

However, in order to calculate accurately the angle of the detector, which is 

needed for conversion of the horizontal axis into a d-spacing scale, a pure standard of 

known structure was required. For all the S-EDXRD experiments undertaken in this 

thesis a pure sample of gypsum was used as the calibrant. The gypsum sample is
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placed in the beam and a pattern collected which can be seen in figure 2.4.1 A. An 

approximate angle for each detector is derived on station with a clinometer for use 

when estimating the actual 20 value. The diffraction peaks

X 10'
2.5

CO
c
Z3O
o

0.5

0 10 20 30 40 50 60 70
Energy (keV)

Figure 2.4.1A: Gypsum ambient scan collected on station 16.4 Daresbury SRS, for angle 

calibration

within the pattern are compared to known d spacing values from a JCPDS card. The 

energy dispersive Bragg equation is transformed from equation 2.6 to the form in 

equation 2.7:

C(6.19926) = £t/sin(9 

C 1

(2.7)

(2.8)
sin 6̂ d

The peaks taken from the gypsum diffraction pattern are used to give a plot of energy 

(in KeV) against d spacing. A linear fit through each point should pass through zero,
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but the fit generally passes just off zero, which is satisfactory for the calibration. 

Using equation 2.8 in the form y = mx + 0 where x is 1/d and m is C/sin0, the slope 

defines the angle of the detector as shown in figure 2.4. IB.
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*0.035
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*
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26: 4.9697
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Figure 2.4.1 B: A plot of 10 Gypsum peaks used to define the angle 0 for each detector from the 

slope. The energy and d spacing for each peak is used for the plot.

2.4.2 Data Analysis

A number of different software programs were used both to prepare the raw 

data and to analyse the converted data.

DLConverter'^ is a Windows based data conversion program made to convert 

"large amounts" of diffraction data like that associated with a station such as 16.4.
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DLConveiter has a number of useful features including the conversion of several raw 

data files from energy KeV to d spacing or 20, with the output data file also 

converted into a format suitable for processing in software such as GSAS and Xfit. It 

is possible to convert data from all three detectors on station 16.4 in ASCII 

simultaneously making data processing a much quicker process.

The post processing of the data was completed in the Rietica program which 

is a Rietveld structure solution program designed to deal with both neutron and X-ray 

diffraction data including the new data formats created from synchrotron 

experiments. Rietveld technique is a profile fitting technique where a structural 

model is refined to obtain the best fit to the whole of the diffraction pattern. The 

Rietveld technique is described fully in references 17 and 18. This software is 

particularly useful for 16.4 data of the nature refined within this thesis as it can be 

used to affect a simple Le Bail fit to the data.

The origins of the Le Bail method are to be found in the early work of Rietveld 

(1969). Rietveld proposed a simple summation approach to the evaluation of an 

observed structure-factor magnitude for partially and indeed completely overlapped 

reflection.

Rietveld’s approach was simple. The peak area is proportional to the square of the 

structure-factor magnitude and the problem thus reduces to finding the peak area. For 

an isolated peak, the observed peak area is easy to evaluate. All that needs to be done 

is to add together the background-subtracted profile points. For overlapping peaks, 

the contribution for a given reflection is weighted by the calculated peak contribution 

for that reflection divided by the sum of the calculated peak values for each 

contributing reflection. This gives the sum rule shown in equation (2.9).
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A] (obs) + Â 2 (obs) = ^  (obs(i) -  back{i)) (2.9)
i

Which indicates that the sum of the observed peak areas evaluated by Rietveld’s 

algorithm is always equal to the background-subtracted area of the observed Bragg 

peaks in the powder diffraction data.

The Iterative Le Bail Algorithm was created when Le Bail et al. (1988) noted that the 

Rietveld approach to obtaining estimates of structure-factor magnitudes could be 

extended to the situation where there is no initial structural model. If the structure is 

unknown and, as a result, no calculated structure-factors can be generated, then the 

simplest thing to presume is that all the integrated intensities are initially equal. The 

particular initial value does not matter as the sum rule expressed in equation (2.9) 

ensures that the observed integrated intensities are correctly scaled. Clearly, after one 

iteration, isolated peaks will have an observed intensity equal to the observed area 

under the Bragg peak. For overlapping reflections, the procedure has to be tackled 

iteratively. The Le Bail method is a recursive version of the original Rietveld 

approach to observed stucture-factor magnitude evaluation where the observed peak 

ares for the rth iteration are useed as the calculated peak areas for the (r -hl)th 

iteration. Generalising to the A-peak overlap this gives equation (2.10).

A r "  (obs) = X  _ f,ack(j)) (2,10)
' (E„=i K  (obs)*q„{i)

Where (obs) = IVn =

Applying this recursive algorithm to two overlapping peaks leads to a good estimate 

of the Bragg peak area.
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The Le Bail method is generally robust and converges relatively rapidly, however 

there are occasional instabilities. These instabilities occur in one such case when 

peaks are broad, with weak intensity, and the background has been slightly over 

estimated. The Le Bail estimates become chaotic, with each iteration, due to the 

appearance of negative intensities, therefore, convergence is not attained between the 

observed and calculated data. In general though, the Le bail method is a successful 

approach to extracting integrated intensities from a powder diffraction pattern.

This kind of unit cell refinement is the most that can be achieved from 16.4 

diffraction data due to the poor resolution of the data. However, as the structure of 

Clinoptilolite is known this can be used as a starting model and saved for each 

successive data file, which speeds up data processing as the fit described for each 

separate data file can evolve from pattern to pattern.

2.5 Single Crystal X-ray Diffraction

Single crystal X-ray diffraction provides the user with the best data available 

for the refinement of a structure, making it a significantly more powerful technique to 

powder X-ray diffraction for a number of reasons. Firstly the data are collected in 3 

dimensions as opposed to 1 dimension in powder data. In powder diffraction data, 

reflections are only collected in the orientation of the crystal that satisfy Bragg’s law. 

For the same resolution there must be the same number of reflections in both the 

single crystal and powder X-ray diffraction data. However, less peaks may be seen in 

the powder pattern due to multiplicity of reflections occurring where reflections have 

the same d-spacing. With single crystal data the sample is rotated in all three 

dimensions thus collecting all reflections that satisfy Bragg’s law. The difference 

being that a powder XRD plot might only contain for example 40 reflections, while a
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single crystal experiment might include 5000 reflections. The powder XRD pattern 

might be considered as a planar slice through a single crystal pie. Secondly, single 

crystal data tend to contain less background noise and are therefore of a better 

quality, which is an aid when it comes to refining a structure. Finally, the data are 

collected one reflection at a time rather than in powder diffraction where peak 

reflections are broad and can overlap. Single crystal X-ray diffraction has the obvious 

limitation of the need for crystals of a suitable size, which in many cases are 

unavailable. However, SR offers the possibility of microcrystalline diffraction using 

crystals as small a We exploit this possibility in using station 9.8 of the

SRS.

2.5.1 Structure Solution and Refinement

The raw intensity data once collected can not be solved directly it must first be 

manipulated to give useable information, which is achieved by firstly converting the 

hkl intensity I for each reflection into its corresponding structure factor F^(hkl).

F^(hkl) = '^ fj(e).e\'p(-?,7[^U jûn^eiX^).ixi^[27àQ vc^+ ky^+ lZj)]
j

Where fj is the scattering factor, which describes the amplitude of the scattered wave 

by the ith atom, and j the scattering efficiency of the atom.

If one assumes spherical atoms, the scattering power for each atom is a function of 

the atom type and (sin8)/X. It is independent of the position of the atom in the cell. 

The scattering power of a given atom for a given reflection is known as its scattering 

factor  (/^ ) and is expressed in terms of the scattering power of an equivalent number 

of electrons located at the position of the atomic nucleus.
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At (sin 0)/À = 0 the value of the scattering factor is always equal to the total number 

of electrons in the atom. As (sin Q)/X increases, however, the scattering factor 

decreases, because X-rays scattered from an electron in one part of an atom will be to 

an increasing extent out of phase with those scattered in another part of the electron 

cloud. Thus the variation of the scattering factor is a consequence of the finite size of 

the atom regarded as the scattering source.

Thermal motion also has an effect on the X-ray intensities. The normal scattering 

factor curves are calculated on the basis of the electron distribution in a stationary 

atom, but in fact the atoms in crystals are always vibrating about their rest points. The 

magnitude of the vibration depends on the temperature, mass of the atom, and the 

firmness with which it is held in place by covalent or other forces. In general, the 

higher the temperature, the greater the vibration. The effect of such thermal motion is 

to spread the electron cloud over a larger volume and thus cause the scattering power 

of the real atom to fall off more rapidly than that of the ideal, stationary. Thus the 

proper scattering factor for a real atom is not sim ply /q, but rather the expression 

given in equation 2.12^^.

y  = (2.12)

where B is related to the mean-square amplitude («^) of atomic vibration by 

equation 2.13.

B=8;r"«" (2.13)

As a first approximation, the relative scattering powers of different kinds of atoms are 

the same regardless of the radiation used. Secondary effects, that come under the title
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of anomalous scattering, arise, however, when the wavelength of the incident beam 

lies near an adsorption edge in the scattering element. Standard scattering factors 

{ f j )  are calculated on the assumption that the frequency of the incident radiation

differs greatly from that of any natural adsorption frequency of the atom. Although 

this is generally the case for light atoms and the radiation commonly used in X-ray 

diffraction, it is often not true for heavier atoms. If the frequency of the incident beam 

does fall near a natural frequency of some atom type, an anomalous phase change 

occurs on scattering by atoms of that type resulting in what is termed anomalous 

scattering or dispersion. The scattering type itself is anomalous in the sense that 

correction terms must be applied to the normal scattering factors. Thus they are 

represented by the expression

f o n o m  A / /  W ” (2.14)

where is the normal scattering factor. A /’ is a real correction term (usually 

negative), and A /” is the imaginary component. The correction terms A /’ and A /” 

that arise from anomalous scattering are almost independent of sin 0. This occurs 

because the effect involves primarily the inner electrons of the atom. Hence for a 

given atom the effects of dispersion are relatively greater at high sin 0 than at low. 

Scattering factors have been tabulated for all elements and are of varying accuracy 

depending on the wave functions used, the completeness of the mathematical 

treatment, and the accuracy of the numerical methods used. These mathematical 

details do not contribute substantial error to scattering factors as now calculated, but 

an additional source of error does arise in practice by the scattering contribution from 

outer electrons either in bonds or non-bonding orbitals, which is only partially
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allowed for in the tabulated values. Neglect of these effects does not result in 

substantial discrepancy between | Fq I  and | Fc I  except for low order reflections.

For example, the difference between the scattering factors of bonded and unbonded 

hydrogen atoms is relatively large. The scattering factor error for a free hydrogen 

atom produces anomalously low values for hydrogen atom thermal parameters. This 

follows because the electron in the bonded atom is more localised than that in the free 

atom. Calculation of the scattering factors for hydrogens in a molecule results in 

values as much as 50% above those for the isolated atom at certain values of sin 0. 

The atomic positions are effectively defined by the electron clouds as the X-rays are 

scattered primarily by the electrons. Equation 2.15 shows that the intensity of any 

reflection is proportional to the square of the amplitude.

hkl ^hki (2.15)

After conversion of the reflection intensities to structure factors has been achieved for 

all reflections an accurate representation of electron density can be defined by the 

fourier series as equation 2.16:

p(x,y,z)= A . OG ^hkl (2.16)

However, to calculate the electron density we require the phases of the structure 

factor. Equation 2.11 only gives |Fhki|. To calculate the phase, and therefore finally 

define the electron density at every location, three methods are available; Patterson^^, 

Direct methods^^, and isomorphous replacement^^’̂ .̂ Firstly it is necessary to 

eliminate systematic errors within the data caused by the material or the geometry of 

the diffractometer used.
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Systematic errors produce systematic shifts in the results. They may be inherent in 

the method of observation or data processing, the apparatus used, or the observer. 

Such errors may or may not decrease precision. Systematic errors that do not alter the 

precision are those that do not change the distribution representing the random errors 

but only displace it. Such errors are especially problematic because there is no 

evidence in the data itself that betrays their presence. Other systematic errors may 

alter the distribution of the errors, such that it is decreasing precision, without shifting 

the mean value. The most common effect is a combination of these resulting in an 

unknown change in the accuracy accompanied by a decrease in precision.

In general the effect of absorption is to reduce preferentially the intensity of 

reflections at low values of sin 0. If the crystal is regular, absorption will vary 

regularly with sin 0, and in particular, absorption for a spherical crystal, it will vary 

exponentially with sin^ 0. If the data from spherical crystals are not adjusted for 

absorption, thermal parameters will compensate by adjusting to values less than the 

true values.

For example, a plate like crystal will have stronger absorption along the long y axis 

than along the narrower x axis. Thus reflections from planes parallel to y are more 

strongly altered at low sin 0, while those planes parallel to x are most affected at high 

sin 0. The net result is a decrease in the apparent thermal parameters corresponding to 

vibration along x and an apparent increase in those corresponding to vibration y. 

When anisotropic thermal parameters have been used in the refinement, they will 

show values that are to small along x and to large along y. In this case, the thermal 

parameters are shifted by varying amounts from their true values, but the model 

cannot compensate accurately for absorption. Thus both accuracy and precision are 

decreased.
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Before carrying on a definition of thermal parameters is required. These are 

parameters provided with the input data that describe the thermal motion of the 

atoms. The usual scattering factors are calculated on the assumption of atoms at rest, 

but in fact atoms in crystals oscillate with appreciable amplitudes about their rest 

positions. The effect of this motion is to modify the scattering factors of the atoms by

multiplying them by the scattering power identified in equation 2.10 as ,

The correction for thermal motion can be applied to structure factor calculations at 

several levels of approximation. The overall isotropic vibrations assumes that all the 

atoms are vibrating with the same amplitude and that there motions, like their shapes, 

are spherically symmetric. This approximation makes for the fastest computation, 

since the scattering power need only be evaluated by reflection and the result used to 

multiply the calculated structure factor. This approach is generally used in the early 

stages of a structural analysis.

The next and most complicated thermal parameter is the individual atom anisotropic 

approximation. Here the assumption of spherical symmetry is abandoned and the 

single atomic thermal parameter is replaced by six parameters that describe the size 

and orientation of the vibration ellipsoid. Each individual atom is treated 

individually, with the only factorizations being employed are those accounting for 

centers of symmetry and lattice centering. The greatly increased number of terms that 

must be handled can increase the computing significantly. Anisotropic temperature 

factors are only added at the later stages of analysis.

Thermal factors can also be correlated to occupancy, which can lead to false readings 

in both the temperature factor and electron density peak. This manifests itself, for 

example, as one atom misidentified as another, where an atom such as nitrogen 

identified wrongly as oxygen would result in a high temperature factor and low
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electron density. The opposite, a nitrogen identified as carbon, would result in an 

extremely low temperature factor and high occupancy.

In order to avoid these errors, measures must be taken to reduce absorption to 

negligible values, these take the form of corrections applied to the data.

Absorption corrections are difficult to apply due to the complexity of the calculations 

involved. To obtain a theoretical correction for a reflection it is necessary to calculate 

the absorption for the actual path length travelled within the crystal by the beam 

reflecting from each infinitesimal portion of the crystal and then to integrate these 

results over the entire crystal. This means that a precise description of the crystal 

form needs to be ascribed and extensive computer calculations are needed to solve 

the problem.

As a result, the use of empirical corrections has become common, especially in cases 

where many reflections are involved and the absorption arises from the crystal and 

the surrounding medium (e.g. protein crystallography). North et a l  (1968)^^ proposed 

a method for giving a common approximation for absorption which involved setting 

X to 90° and measuring the variation in the integrated intensity of one or more 

reflections as (|) is rotated through 360°. This process rotates the reflecting plane 

about it’s normal and rotates the crystal about the axis connecting the observed 

reciprocal lattice point to the reciprocal lattice origin. This observed variation can be 

easily converted to an approximate correction as a function of (|) and applied to the 

whole data set. The approximations made for this correction are drastic and become 

more problematic as Bragg angle increases. This correction technique is better on the 

whole than no correction at all, but is best used on low-resolution data with 

molybdenum radiation.
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The effect of absorption is to attenuate the X-ray beam as it passes through the 

sample. However, there is an additional attenuation that can occur when a crystal is 

set at the Bragg angle for a reflection. This is termed extinction and is defined by two 

different kinds, primary and secondary extinction.

A crystal can be thought of as being separated into blocks formed by dislocations of 

various kinds that can be observed in a crystal. Primary extinction results from an 

interference process that occurs within regions of perfectly regular lattice planes. 

Within a single block, fixed phase relations exist between the incident and reflected 

rays so that the block scatters as a unit, coherently. This is in contrast to rays from 

separate blocks where no fixed phase relations exist and the block scatters 

individually, incoherently.

The multiple reflections within a mosaic block, where a set of planes at the Bragg 

angle, reflects part of the incident energy, this is followed by a second reflection from 

the underside of the planes and so on for multiple times. The direction of the rays 

alternates between that of an incident or once-reflected ray. Since a phase change of 

71/2 takes place on each reflection, any ray that is reflected a number of times n differs 

in phase 7i from one reflected by n-2 times. The net effect of multiple reflections is to 

reduce the intensity of the reflected ray from IF P  to | F | .

Secondary extinction arises for reflections of such intensity that an appreciable 

fraction of the incident radiation is reflected at a given instant by the first mosaic 

blocks encountered. The deeper ones thus receive less incident intensity and therefore 

reflect less power than would otherwise have been the case. The magnitude of 

secondary extinction will depend critically on the size of the crystal; small crystals 

will suffer less from the effect than larger ones. Furthermore crystals with less well
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aligned blocks will suffer less than those in which the alignment is more parallel, 

because fewer planes are in position to reflect at a given instant.

To solve the problems of extinction Zachariasen (1967)^^ developed a general theory 

defining the extinction factor for a reflection (equ. 2.17). 

y = C i h  (2.17)

where V f  is the observed intergrated intensity on an absolute scale and 

Ik -  \F c \ the subscript k emphasizing the kinematic approximation in the

derivation of the structure factor. L and p stand for Lorentz and polarization factors 

and y stands for an overall extinction factor that embodies parameters for both types 

of extinction. The structure factors are readily corrected using the equation given in 

2.18

I pc^rreced  | = | F “  | (1+g | f  | ^Lp) (2.18)

Here g is the extinction coefficient characterizing only a given crystal and a given 

radiation. The use of this correction provides good correction for primary and 

secondary extinction, providing primary extinction is not severe.

In addition to the usual diffraction pattern that results from the periodicity of the 

crystal lattice, other diffraction effects arise from the presence of irregularities in the 

structure. These include stacking faults in layer structures, order-disorder regions 

common in alloys, certain kinds of structural disorders found in molecular crystals, 

dislocations and other defects that present in most crystals, and unusual twinning at 

the molecular level. These and other structural irregularities lead to diffuse diffraction 

effects that on film may take the form of enlarged, elongated, or variously shaped
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diffuse reflections, highly diffuse regions, or diffuse lines joining the discrete Bragg 

reflections.

The structure factors derived from intensities hold the key to atom positions within a 

refinement. The structure amplitudes | Fq I and its relationship to intensity (I) depends 

on a number of factors related to the individual reflection and to the apparatus used to 

measure its intensity. Therefore the equation of the relationship of amplitude to 

intensity given in equ. (2.19) is rewritten as equ. (2.20).

l a  | f P  (2.19)

F/,wl=(KIhk/Lp)‘'̂  (2.20)

the term K is constant for any set of measurements and is normally omitted from data 

reduction calculations. Here p is the polarisation factor given by

P=(l+cos^20)/2 (2.21)

And is a function of 20, independent of data collection method except when a crystal 

monochromator is used. L is the Lorentz factor, which is method dependent. For the 

equiinclination Weissenberg it is given by equ (2.22)

sin^
sin 2^(sin^ 6 -s \n ^  p f

P = (2.22)
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where is the equi-inclination setting angle. For zero-level reflections equ (2.22) 

reduces to equ (2.23).

This expression is applicable to zero-level Weissenberg photographs, the zero-layer 

reflections of rotation and oscillation photographs, and diffractometer data obtained 

by the usual 20 or co scans. The polarisation term p arises because of the nature of the 

X-ray beam and the manner in which its reflection efficiency varies with the 

reflection angle. The usual X-ray beam is unpolarised and therefore the electric 

vectors associated with its photons can point in any direction. Photons running 

parallel to the reflecting plane are reflected to an extent that is determined only by 

electron density in the plane and is independent of the reflection angle 20. The 

reflection at right angles to the reflected plane has a contribution from both electron 

density and cos^20 and therefore decreases to zero at 20 at 90°, because the initial 

energy is equally divided between the two vectors. However, no more than half the 

intensity will be lost top this effect.

The greater efficiency of reflection associated with I parallel to the reflection plane, 

will be represented to a greater extent in the reflected beam than that of I 

perpendicular to it. This will normally cause little problems except when its from a 

crystal monochromator. A partially polarised X-ray beam from this can affect the 

subsequent reflection from the crystal under study and so the polarisation correction 

is applied as shown in equ (2.24).

1 + X c o ^  (2.24)
1 + X
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where K is the ratio of the power in the n  beam to that in the a  beam in the 

monochromised source, n  and a  define electric vectors associated with an 

unpolarised X-ray beams photons in any direction normal to the direction of 

propagation, a  defines the vector at right anles to the reflecting plane and n  the vector 

parallel to the plane. The usual monochromising crystals show very non-ideal 

reflection. K is not predicted accurately by theory. Thus it is to determine K for a 

particular apparatus, although cos 20m, where 0m is the diffraction angle of the 

monochromator crystal, can be used as an approximation.

The lorentz factor arises because the time required for a reciprocal lattice point to 

pass through the sphere of reflection is not constant but rather varies with its position 

in reciprocal space and the direction in which it approaches the sphere. The simplest 

case can be seen in a diffractometer where the crystal and the reciprocal lattice are 

rotated at a constant angular velocity co. The linear speed of a reciprocal lattice point 

at a distance d* reciprocal lattice unit from the origin as it approaches the sphere is

V = d'^co (2.25)

v = (2 sin^)cy (2.26)

The time required for a point to pass through the sphere along a path of length p is

t = p / v  (2.27)

or

t = p /{ 2 cosin6 ) (2.28)
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The path length depends on the angle between the surface of the sphere and the path 

followed by the reciprocal lattice point. It can be shown without difficulty that

p a —^  (2.29)
COS0

By dropping the constant term co from equ. (2.28)

t a  :------- (2.30)
2 COS ^  sin  ^

since

2 cos 0 sin 0 = sin 20 (2.31)

Coded information on the method of data measurement is often given to enable the 

proper form of the Lorentz expression to be used. The Lorentz Polarisation factors 

are imputed into weights to define error from diffractometer geometry and also those 

arising from sample preparation.

Once all errors are corrected for, structure solution can take place. For all the 

analyses presented here Direct methods have been used, the basic principle of which 

being that there is a probabilistic relationships between the phases of the reflections 

and their intensities. Other methods that could have been used are the Patterson 

function and Isomorphous Replacement technique, which are also described.

All these corrections were completed in the SADABS^^ program included in the 

Bruker software suite, for more inforamtion see the instruction manuel.
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2.5.1.1 Direct Methods

Direct Methods are so called because they make use of relationships between the 

intensities of the various reflections, which lead directly to a solution to the phase 

problem.

In 1948 Harker and Kasper^^ showed that as a result of the symmetry elements, useful 

relationships arise between the amplitudes of specific pairs of reflections. Instead of 

the measured structure factors, they employed unitary structure factors (U), which 

have been normalised by use of F(OOO), the total number of electrons in the unit cell:

U = F/F(000) (2.32)

They give an indication of what fraction of the electrons are scattering in phase for 

that reflection. An example may be derived for the center of symmetry in space group

P I : the resulting inequality is:

^hkl -  -  + - ^ 2h2k2l (2.33)

This means that wherever is very large, i.e greater than 2, the second order of

this reflection U2h2k2i must have a positive sign, and this must be increasingly 

probable as the values of U for the two reflections increase. This and similar 

inequalities are not sufficient on their own to define enough phases to solve the 

structure.

Measured structure factors have magnitudes that fall off strongly with 0, the 

scattering angle, because of the 0- dependence of the atomic scattering factors. This
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makes it difficult to compare them with one another, but the effect can be corrected 

by normalising by means of the expectation value for its scattering angle, 

essentially the mean value for that range of 0. Since the 9-dependence of is also 

dependent on atomic vibrations, an overall displacement factor as well as a scale 

factor for converting intensities to an absolute scale can be estimated by comparing 

and correcting for the mean displacement factor. As in equation (2.34):

<F" >=*e5^/!^exp(-2Ssin'6>//l') (2.34)

The calculation of normalised structure factors has the bonus of giving both the scale 

factors and the overall displacement factor for the data. To identify discrete atomic 

peaks within the electron density map, the effects of atomic shape are removed from 

the Fo and convert them to E ’s or normalised structure factors. The structure factor Fh 

is related to the normalised structure factor Eh by the ralationship in 2.35.

Eh * atomic scattering factor = Fh (2.35)

This relationship assumes all the peaks are the same shape. The deconvolution of the 

map to remove the peak shape is expressed in 2.36.

Where Gh is a factor which accounts for the effect of space group symmetry on the 

observed intensity. Normalised structure amplitudes, |£’,,| , as defined above in

equation 2.36 is the expected intensity of the h reflection. The bets way of estimating 

I is as a spherical average of the actual intensities, which in practice involves 

seperating reflections into ranges of (sin 0)/ X, and averages taken of intensity and (sin 

0)/ X in that range. Interpolation between the calculated values I is aided when they
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are plotted such as on a Wilson plot̂ "̂ . A Wilson plot depicts l n ( |F p / ^ / ^ )  versus

(sin^ 0) / which is used to determine the average value of the temperature factor and 

to place the observed data on an approximate absolute scale. Interpolation between 

the points on the plot can be done quite satisfactorily by fitting a curve locally to 

three or four points. This is repeated for different sets of points along the plot. Special 

care must be taken in calculating E ’s at low angles, if these are systematically 

overestimated this could easily result in the in failure to solve apparently simple 

structures. These E ’s normally more involved with more phase relationships than 

other reflections and therefore have strong influence on phase determination.

The next important step in the development of Direct Methods was the formulation 

by Sayre of a relationship based only on these two assumptions: that the electron 

density in a structure can never have a negative value and, that it is concentrated in a 

well defined maxima:

ĥkl ~ (2.37)
h'k'l'

This equation states that the structure factor for any reflection hkl can be calculated 

as the sum of the products of the structure factors of all pairs of reflections whose 

indices sum to it.

The earliest formulation of the triplet-relation (10) for the centrosymmetric case was 

via Sayre's equation (Sayre, 1952^^). This equation can be derived from Fourier 

theory giving the Sayre's Equation, which is given in equation 2.38.

~ 7 7 ^  ^K^H-K (2,38)
8  ^  K
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It is emphasised that, given an equal-atom structure, Sayre’s equation is exact. The 

summation above contains a large number of terms; however, in general it will be 

dominated by a smaller number of large \FkFh-k\’ Rewriting 2.38 to

f
|F^| e x p / ^ ^ = ^ ^  e x p %  (2.39)

and considering a reflection with large \Fh\ it can therefore be assumed that the terms 

with large \FkFh-k\ have their angular part approximately equal to the angular part of 

|F//| itself. For one strong \FkFh-k\ this leads to:

exp i(!)„ = exp ) (2.40)

or

=0 (2.41)

the triplet relation. Thus by introducing the obvious argument that the most important 

terms in Sayre’s equation (2.38) must reflect the phase (J)̂  the triplet relation is 

found.

In the event that only a number of larger terms in (2.38) are available the scaling 

constant fIgV  has no meaning. Nevertheless most likely the phase information 

included in these terms is correct and thus an expression such as equation 2.42:

y
e x p /^ ^ =

I .

F^F^_^ |expi(^^+ 0^-^)
(2.42)

|expi(^^

in which K  ranges over a limited number of terms may be very helpful.

The so called tangent formula (Karle and Hauptman, 1956)^^
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in which the signs of numerator and denominator are used to determine the quadrant 

of the phase ( j)H , is closely related to (2.42). This formula is used in almost all direct 

method procedures.

The triplet relation, although a two-dimensional phase relation, is very successful in 

solving three-dimensional crystal structures. Nevertheless, it may be more 

appropriate to try to solve structures with three-dimensional phase relationships, the 

quartet relations.

The positive quartet relation is formulated as:

^ - H - K - L  ~ 0 (2.44)

for large E4 = lSr^\E}jEKEiE.fj-K-i\-

Analogous to the treatment of the triplet relation now three strong reflections H, K  

and L are combined and the electron density must be found in the sets of planes. As a 

result the electron density will be found near the points of intersection of the three 

planes which are indicated for only a few planes from the sets. For a strong reflection 

-H -K -L it is much more likely that its plane of maximum electron density will run 

through the points of intersection than that it will clear these points. The quartet

relation (2.44) follows as straightforward as the triplet relation (Schenk, 1973)^^.

This quartet relation, however, is not as strong as the triplet relation because of the 

factor N'^ in E 4 . It will be recalled that in E 3  a term appears. The reliability is 

improved by combining the quartet with an identical one constructed from two 

triplets:
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^-H-K ~ ^

+ “ 0 (2.45)
0 - H - K - L

which holds for large E 4  and large \Eĥ -k\> Reflection H+K strong indicates that the 

electron density will be found near the intersection of H  and K  and thus a large \Eh-̂ k\ 

is an additional indication that quartet (2.42) is true. So in conclusion a large value of 

E 4  and large \ E h + k \ ,  \ E h + l \  and \ E k + i \  are indications that the positive quartet relation 

(2.44) is likely to be true, and thus positive quartets are controlled by the magnitudes 

of 7 structure factors.

In the event that the sum of the four phases is equal to k :

<!>H + ( t > K ^ < l > L ^  ^  (2.46)

the resulting relationship is referred to as the negative quartet relation and such a 

relationship exists for reasonably strong intensities for H, K, L  and -H- K-L.

It can be seen that for all indicated positions three out of four planes intersect. If 

atoms are located at these points the resulting unitary structure factors of H, K, L  and 

-H-K-L will be 0.5. Thus for a negative quartet relation the reflections H, K, L and - 

H-K-L will in general not be found amongst the very strongest. As the same holds for 

the other cross terms it can be stated that the negative quartet relation (2.46) is likely 

to be true for reasonably large values of E 4  and small \ E h + k \ ,  \ E h + i \  and \ E k + i \ -

2.5.1.2 Patterson Function

Patterson^^’̂  ̂ introduced a function in 1934, which is a Fourier transform of the set of 

squared but not phased reflection amplitudes (h k 1 F^). This function does not 

produce an electron density map of the contents of the unit cell but rather a density
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map of the vectors between scattering objects in the cell. The densities in the 

Patterson map go as squares of the numbers of electrons of the scattering atoms, 

Patterson maps of crystals that contain heavy atoms are dominated by the vectors 

between heavy atoms. However, because the number of peaks in a Patterson map is 

also related to the square of the number of atoms, protein Patterson maps are rarely 

interpretable.

In 1954, Perutz and co-workers^^’̂  ̂calculated a difference Patterson (Fph - Fp)^ with 

the amplitudes of a mercury-labelled haemoglobin crystal and the amplitudes of an 

isomorphous native haemoglobin crystal. Here, the scatter of the light atoms is 

mathematically removed (leaving noise, of course) so that the difference Patterson 

map ought to show simply the vectors between heavy atoms.

When both structure factor amplitudes and phases are known the distribution of the 

atoms in the unit cell can be calculated for all reflections hkl in terms of electron 

density for each point x,y,z in the unit cell using a Fourier synthesis.

p(x,y,z)= ^  ^J\.Q\^[i(j){hkl)].QX^[-2 m{hx + ky + lz)]
^  h k I

Here the reflections with indices (hkl) cover a sphere of reciprocal space. Protein 

crystallographers sometimes call the electron density map calculation a Fourier.

However, at this stage of the structure determination only the structure factor 

amplitude |F(h)| has been measured, while the phase ^  (h) is not yet known. 

Fortunately the Patterson function can be calculated using the observed amplitudes 

without knowing the phases. This synthesis will give the distribution of the 

interatomic vectors in the unit cell for all reflections hkl in terms of Patterson density 

for each point u,v,w in the unit cell.
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p ( x , y , z ) = ^ ^  ^  ^cos2;7r(/zM + ^  +  /w)] (2 .47)
h k I

Here the reflections with indices (hkl) cover a sphere of reciprocal space. Peaks in the 

Patterson function occur at endpoints of vectors between all pairs of atom sites, and 

therefore correspond to interatomic vectors. Given two atoms in the unit cell with 

coordinates xi, yi, z\ and X2, y2, Z2 the Patterson will show a peak at the point uvw 

according to the relations

U =  X] - X2

V =  y i  - y2 

W =  Zi -  Z2

but also a peak at

U =  X2 - Xi

V =  y2 - y,

W =  Z2 -  Zi

Since both peaks represent vectors of equal size but of opposite direction, the 

Patterson will display additional inversion symmetry.

There are two properties of a Patterson, which need to be considered in a comparison 

with a Fourier.

• The unit cell in real space and Patterson space are identical. If the unit cell 

contains N atoms, the Patterson will show peaks, corresponding to the N 

vectors that exist for each of the N atoms. The vector of an atom to itself has 

length 0, so that the N atoms give a large origin peak. The unit cell of the 

Patterson will therefore contain N^-N peaks spread all over the cell.

73



• This is aggravated by Patterson peaks being less sharp than Fourier peaks.

The combination of these two properties make the native Patterson of a 

macromolecule non-interpretable. However, assuming the derivative |Fph| and native 

|Fp| amplitudes have been properly scaled, the Patterson map calculated from the 

isomorphous difference |F p h |-|F p | amplitudes is largely empty in case N is of the order 

1-5, so that it becomes possible to analyse and solve the Patterson.

2.5.1.3 Isomorphous replacement

The structure factor can be described in terms of an amplitude and a phase. If both the 

amplitude and phase are known, the electron density which gave rise to the diffracted 

waves can be reconstituted by a Fourier synthesis. However, in a crystallographic 

diffraction experiment only the amplitude can be recorded, but the phase is lost. So, 

instead of being able to obtain a direct image of the structure in a crystal it is 

necessary to measure the direction and intensity (or amplitude squared) of each 

diffracted X-ray beam, and then reconstitute its phase. This is the phase problem of 

crystallography.

When there are no similar proteins of which the structure has already been 

determined, the structure needs to be determined ab initio. To this end the crystals are 

"derivatised" by introducing heavy metal atoms. If only a few metal ions are present 

in the crystal, the "heavy metal structure" can be determined by a Patterson analysis. 

If the crystal essentially stays unperturbed ("isomorphous"), the technique of Multiple 

Isomorphous Replacement can exploit the heavy metal structure to determine phases 

for the protein.
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• Derivative crystals usually display decreased diffraction due to radical 

induced radiation damage. They may show loss of birefringence, reduced 

lifetime in the beam, increased mosaicity to the point of disorder, cracking 

and dissolving. It is often necessary to determine a compromise between the 

soaking parameters (especially soaking time and derivative concentration) and 

level of substitution together with acceptable diffraction quality (say 3Â). 

This compromise can initially be determined by soaking, microscopic 

examination and taking X-ray exposures.

• The crystals must not display non-isomorphism. The unit cell parameters 

should be unchanged. Autoindexing will be required after collecting some 

data. Cell dimension changes of 0.5% will give intensity changes of 15% at 

3Â.

• Isomorphous differences should decrease smoothly with increasing resolution. 

If differences are due to non-isomorphism they will increase at higher 

resolution. To determine this at least a wedge of data must be collected and 

processed. Normal probability analysis can then be used to check the 

significance of isomorphous and anomalous differences. It will be essential 

not to overestimate the usable resolution, which will not necessarily be 

limited by the resolution range of the data set, but often by lack of 

isomorphism at higher resolution.

2.5.1.4 Prior Knowledge

In solving the structures, some prior knowledge of the structural chemistry is 

desirable. In the case of Clinoptilolite it is known that it has an ordered framework
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comprising mostly Si and O, which will have the highest concentration of electron 

density. The more disordered cations will have less electron density and depending 

on the occupancy of each cation the electron density will be variable. For example, a 

fully occupied calcium cation will have an electron density of around 20 Â^, but that 

for a disordered cation site with less than half occupancy could be around 3 Â^. 

Mixed cation samples may contain similar sized elements (i.e. K and Ca) which can 

only be distinguished by their bond lengths.

2.5.1.5 R-factors

Refinements normally proceed via a least square fitting procedure aimed at 

minimising the R-factors, wR2 and Rp.

wR2 = fil(l  ̂ obSfhkl calfhkl '

S  ̂ hkl ^^obsMl )

K (2.48)

sw
The R factors asses the percentage difference between the observed and calculated 

structure factors, assesses the quality of the model. The lower the R factors the better 

the quality of the model. For inorganic material an R factor less than 6 is normally 

accepted. However, under certain circumstances a higher R factor is allowable. Least 

square refinements are commonly guided by the geometry of fourier maps of the 

electron density.

All of the structure solutions and refinements in this work were carried out using the 

shelx-97 suite of programs as part of the WinGX^^ software package.
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2.5.2 Experimental Details

As noted the single crystal data collected for this project came from the 

Microcrystalline Diffraction facility on station 9.8 of the Daresbury SRS. Figure 

2.5.2A shows the experimental set up on station 9.8 for high temperature single 

crystal studies. This station was chosen as the sizes of crystals available were not 

large enough to be collected on laboratory instruments. Average crystal sizes were 

around 40x40x10pm.

. Detector

' i Sample

Hot blower

Incoming
Collimated
synchrotron
Beam

Figure 2.5.2A: Experimental set up on station 9.8 for high temperature single crystal studies

The crystals are mounted onto fine fibres using epoxy resin. These fibres are attached 

to glass fibres similarly and attached to an alumina rod before being placed in the 

goniometer. Alumina rods were used in place of copper pins as it was found that for 

high temperature studies, copper pins expanded pulling the crystal in and out of the 

beam degrading the data. The sample was then mounted on the Bruker SMART
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system diffractometer. The diffractometer has a Siemens SMART CCD area-detector, 

with a three-circle fixed-% goniometer. The beam is collimated and the wavelength 

tuned accurately by a silicon (111) crystal monochromator and a palladium coated 

focusing mirror. Various collimators are available to reduce further the size of the 

beam just before the sample. All the experiments reported here employ a 0.5mm 

collimator. To heat the crystals, we used two approaches. For temperatures below 

100°C, the Oxford Instruments cryostream was used as it has a greater tolerance at 

these temperatures. Above 100°C we employ a hot blower system"^°, which was 

specially designed for the station and works on the same type of system as the 

cryostream. Both have been well calibrated and can hold a constant temperature with 

an accuracy +-G.5°C whilst blowing hot air across the sample.

Before a data collection begins the crystal is checked for quality by taking an 

orientation matrix, which checks the orientation of the crystal with respect to the 

beams and calculates the unit cell dimensions: the crystal can also be checked for 

twinning, and finally the intensity of the scatter. If the crystal is deemed to be 

acceptable, a hemisphere or sphere of data can be collected. For most of the data 

collections within this thesis only hemispheres were collected to reduce collection 

times (Av. Collection times for 20°C ~5hrs). All the data collections and post 

collection integration data processing is performed by the SMART software 

provided with the detector to give a final hkl file ready for solving. All of the Direct 

method solutions were completed with the SHELX/SHELXTL suite of programs^^. 

In particular, all of the structure solutions and refinements in this work were carried 

out using the shelx-97 suite of programs as part of the WinGX software package.
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2.6 Extended X-ray Absorption Fine Structure 

(EXAFS)

The basic theory of EXAFS is quite simple. For every element there is a 

specific adsorption edge identified at a characteristic X-ray energy level. The 

adsorption edge can be observed when the X-ray energy is sufficient to excite a core 

electron. Above this level photo electrons are created. There electrons scatter off 

surrounding atoms resulting in interference with the outgoing photoelectron wave 

which manifests a set of oscillations beginning around 30eV above the absorption 

edge, known as the Extended X-ray absorption Fine Structure (EXAFS) region. 

Shorter bond distances to neighboring atoms give larger spaced oscillations, while an 

increase in the number of atoms in a co-ordination sphere results in an increase in 

amplitude. The size of neighboring scattering atoms also effects the oscillations. The 

higher in atomic number a scattering atom is the greater scattering power"^^’"̂ .̂ The 

region immediately above the absorption edge is known as the X-ray absorption near 

edge structure (XANES) region. Both regions are illustrated in figure 2.6A below. 

Detailed discussion of the EXAFS and XANES phenomena and the theory of EXAFS 

are given in Koningsberger et al (2000)"^  ̂and Teo (1986)'^^.

The EXAFS technique has a number of major benefits. Firstly the technique 

provides information on the local environment surrounding a single element. 

Secondly, the wavelength can be tuned to the adsorption edge of a specific element. 

Thirdly this technique can be used on a range of different sample types including 

liquids. The local environment around an element is determined from the type and 

intensity of the oscillations produced.
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If an X-ray has just sufficient energy to excite a core level electron, then the resultant 

photoelectron will leap into unoccupied states. This is the region that is explored by 

XANES and is generally regarded as being the energy region between the absorption 

edge and where the EXAFS oscillations begin.

XANES can provide information about vacant orbitals, electronic configuration and 

site symmetry of the absorbing atom. The absolute position of the edge contains 

information about the oxidation state of the absorbing atom. In the near edge region, 

multiple scattering events dominate. For more information see references 48 and 49. 

The photoelectron is characterised by a wave-vector K, which is given by: 

k=(2mE)*“/(h/27t) (2.50)

where m is the mass of the electron, h is Planck’s constant and E is the kinetic energy 

of the photoelectron, which is equal to the difference between the X-ray energy and a 

threshold energy associated with the ejection of the electron. The EXAFS adsorption 

function %(K) is defined by the equation:

%(k)=(p-po)/ Po (2.51)

Where the coefficient p refers to absorption by an atom in the material of interest 

while Po refers to absorption by an atom in the free state, both of which are functions 

of k.

EXAFS theories'^* relate %(k) to the scattering by atoms in the coordination 

shell of an ejected photoelectron from the central absorbing atom, by the expression:

Y,Aj(K)sin[2KRj+20j(.K)]  (2.52)
J

where j  which refers to a summation of coordination shells; Rj is the distance from 

the central absorbing atom to the coordination shell; and <^(K) is the phase shift.
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The calculation of the phase shifts are best described in references"^^'^^'^\ The factor 

A /K ) is an amplitude function for the shell, and is defined by the expression:

A//0=(Ny/KR^,)F/K)exp(-2K^<?y) (2.53)

where Nj is the number of atoms in the /*’ shell and Sj is the root mean square 

deviation of the interatomic distance about R;. Exp(-2K^<?y) is a Debye-Waller factor 

to account for the smearing of the EXAFS due to the static and dynamic disorder of
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Figure 2.6A a and b: A schematic of an XAFS spectrum showing the XANES and EXAFS 

regions. The oscillations in the EXAFS region are produced hy phase differences between 

outgoing and hackscattered electron waves shown in h) as solid and dashed circles respectively. 

The red circle represents the excited atom while the blue circles represent its four nearest 

neighbours.
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the atoms, and the analogue of the temperature factor in diffraction theory. F /K ) 

accounts for electron backscattering and inelastic scattering, and is related to the 

backscatteiing factor/(K ) and the mean free path X for inelastic scattering by the 

expression:

Fy(K)=/(K) -exp(-2R/^) (2.54)

The backscattering factor/(K) describes the amplitude of the EXAFS oscillation and 

is related to the atomic number z of the hackscattered species. The variation of this 

term with K may therefore be used to recognise the species around the emitting

The EXAFS data can be collected in one of two modes, either in transmission 

or fluorescence mode. Transmission mode is the method of collection used for all the 

experiments in this thesis. Transmission data are collected from ion chambers before 

and after the sample recording the intensity of primary photons using ion chambers to 

measure the incident (Iq) and transmitted (IJ beam intensities. Fluorescence data are 

typically collected on samples with weak dilute amounts of the chosen element or for 

samples where the chosen element falls low in atomic number, for example Na. The 

sample is tilted 45° to the incident beam, thus facing as much sample surface area 

into the beam and also toward the solid state detector array, 90° to the beam, where 

the fluorescence emissions are detected. These experimental configurations are below 

in figure 2.6.3A below.
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2.6.1 Analysis of EXAFS Data

The raw EXAFS data were refined using the EXCALEB^^, EXBROOK^^ and 

EXCURVE98^'^ software. All experiments were completed on station 9.3 at the 

Daresbury SRS and in transmission mode, where the EXAFS are recorded by 

measuring the intensity of the X-ray beam before and after passing through the 

sample.

The EXCALIB program prepares the raw data for refinement by normalising 

the data, converting the data from the raw measured values of Iq and It (from the ion 

chambers) and the monochromator position, to energy against adsorption coefficient.

The EXBROOK program processes the transformed raw data into the pure 

structural data removing all the other aberrations in the data. Each data set has the 

pre-edge subtracted removing any contributions to the pre-edge slope due to mass 

adsorption. Compton and other scattering are removed by fitting this slope to a 

polynomial. This subtraction is extrapolated to include the absorption data, yielding 

the absorption coefficient of the absorber as illustrated in Figure 2.6.1 A.

After the pre-edge slope has been subtracted we need also subtract the 

background, which contains other features which complicate its removal. These are 

mostly detector counting errors and absorption by elements in the sample other than 

the one under investigation. The background subtraction is attained by fitting a 

simple polynomial and a cubic spline in order to produce a plot of %(E), which can be 

seen in figure 2.6.IB. The data that remains is the fine structure EXAFS modulation 

per absorbing atom needed for the end refinement.

To complete the background subtraction the data must be converted from %(E) 

to a x(k) scale, where k is the photoelectron wave vector space described in equation 

(1) above. The satisfactory completion can only be attained be monitoring the
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weighted %(K) plot and the associated Fourier transform, which contain vital 

information needed to producing the best subtraction. Fourier transform techniques 

can be used to assist the analysis by isolating a single shell. However, in most cases a 

fourier transform of the EXAFS data is used to represent the partial radial distribution 

function. The weighted %(K) plot shows EXAFS oscillations in the form %(k), which 

for a good fit should bisect the zero point of the %(k) axis. The fourier transform plot 

should be monitored particular in the region between 0-1Â, In order to minimise any 

peaks in this region and to maximise the first shell peak beyond it.

The final refinement of the EXAFS data takes place using EXCURV98. This 

software goes beyond the plane wave theory used earlier to using the more complex 

curved wave theory. Least squares refinement is also used to fit the experimental data 

to a theoretical model which is devised from a reference compound, which in this 

case are from single crystal studies on group 1 and 2 ion exchanged Clinoptilolite 

samples, as these are the closest examples to the experimental models.

EXCURV98 refines several parameters, the interatomic distance (R), the 

Debye-Waller factor (A), the edge position relative to the calculated vacuum zero 

(Ef), and the co-ordination number (N), which are refined independently to give the 

best possible fit between the observed data and the theoretical model. Fourier 

transforms are also used as before to give approximate bond distance information 

from the central atom to each shell or scattering atom.
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Figure 2.6.1A; A schematic illustration to show the effect o f pre-edge subtraction on the EXAFS 

spectrum. The dashed line in (a) represents the extrapolated polynomial which is subtracted 

from the raw data to give the absorption per absorbing atom shown in (b).
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Figure 2.6.1 B: A schematic illustration of a pre-edge subtracted EXAFS data set, with the red 

line representing the background absorption above the edge. This line bisects the mid point of 

the EXAFS oscillations.

The refinement of EXAFS data is difficult and full of pit falls. EXAFS data is 

comprised of a I-dimensional curve derived from a 3-dimensional material, this 

results in the observed data being under-determined allowing more than one potential 

theoretical model the chance to produce a good fit to the observed data. It is the 

knowledge of the user, who describes the theoretical model both from known 

evidence and chemical intuition, to make sure they produce the best possible result. 

One check is the degree of determinancy, which is derived from the number of 

independent data points (Nind) against the number of parameters used in the 

refinement (p). Nind is described in equation 2.55 as:
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Nind = 2AkAR/7i (2.55)

where Ak and AR are respectively the widths in k- and R-space over which most of 

the data was collected. The degree of determinancy is the value of Njnd/p, which if 

less than 1 cannot be accepted as it indicates less than one observation per 

parameter'*^.

Further pitfalls for the unwary refiner are the correlations that form between certain 

parameters. The principle culprits involved with strong correlations are between the 

coordination number (N) and the Debye-Waller factor (A) and also between the bond 

distance (R) and the threshold energy (Eo). If these factors remain highly correlated 

they produce a false minimum disrupting the whole refinement and giving a wrong 

R-factor^^.

The R-factor as with single crystal data gives an idea of the quality of fit of 

the EXAFS data in k-space. Unlike in single crystal data where an R-factor of 6 is 

generally required, here, a fit of less than 30 is considered acceptable and below 20 

excellent; values less than 15 are difficult to obtain. In most EXAFS fits, where only 

the first shell is required, higher values will be expected, generally above 20.

2.6.2 Multiple Scattering

In models that contain more than just a single shell, it is prudent when moving 

forward with a refinement to use multiple scattering for shells beyond the first. It 

becomes even more necessary to use multiple scattering when the bond angles 

between the central atom, its first shell, and consecutive shells, are close to 180°. In 

this case the ejected electron scatters off both the nearest scattering atom and that of 

the next scattering atom beyond, culminating in an enhancement of the EXAFS
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amplitude supposedly produced by the intermediate atom as it contains information 

from both scatterers^^. Figure 2.6.2A shows a schematic example multiple scattering 

effects. This multiple scattering effect takes place generally between 150 and 180°, 

and for less than 150° it is less of a problem.

X-ray
Photon «#

Figure 2 , 6 . 2 A :  A schematic of the process occurring during multiple scattering, with the 

outgoing electron waves from an excited atom (red) shown as solid circles and the hackscattered 

waves from a nearby atom (blue) shown as dashed circles. The green atom represents a second 

neighbour making a linear bond with the immediate neighbour and the absorbing atom. The 

orange chevrons signify the forward scattering of the photoelecton wave by this linear bond 

before being back-scattered.

Input to multiple scattering refinements requires a unique identification of each 

scattering atom by defining its position in space, the bond angle, and the electron 

pathway to and from the scattering atom to the central atom. Any additional 

scattering added to the intermediate scattering can then be calculated and removed 

during the refinement^^.
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2.6.3 Combined QuEXAFS/XRD Studies

Synchrotron radiation has given a major boost to a number of different 

techniques requiring rapid data collections. Of course the development of detector 

technologies for rapid collection has played a major role in this advance but it is the 

singular power of the Synchrotron that makes it all possible. Rapid EXAFS data are 

collected, on a station like 9.3 at Daresbury SRS, using a bent monochromator crystal 

and photodiode array. This arrangement will allow millisecond collection times but 

for most experiments the collection times vary from 6 minutes for QuEXAFS/XRD, 

to 30-40 minutes for single EXAFS experiments.

I Fluorescence
Detector

Ionisation | Ionisation
Chamber, lo _  Chamber It

X-ray
Beam I

Sample
Pellet

Si (220)
Monochromator

Figure 2.6.3A: A schematic diagram of the experimental configuration for collecting XAFS data 

in scanning mode. The solid box represents the position of the sample in transmission mode 

while the dashed box represents the position required for fluorescence mode.

The QuEXAFS/XRD station configuration used for the set of experiments 

described later is just one configuration of many that can be earned out on this station 

depending on the needs of the user^ '̂^V Examples are:

• XAS (transmission, fluorescence and electron yield).
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• QuEXAFS (quick EXAFS) using either transmission or fluorescence 

configurations.

• REFLEXAFS (glancing angle reflectivity XAS) for studying surface and near

surface effects.

•  EDE (Energy Dispersive EXAFS).

• In situ QuEXAFS/XRD experiments using a range of specially designed cells to 

analyse these materials under realistic elevated temperature and/or pressure 

systems.

The In situ QuEXAFS/XRD temperature studies described later were performed 

using the experimental configuration shown in figure 2.6.3B below and in 

transmission mode. The station has a choice of monochromators; a scanning S i( l l l )  

with the energy range 4.8 - 15 keV and a scanning Si(220) with the energy range 6.4 - 

40 keV. The majority of elements studied within this thesis fall into the S i( l l l )  

energy range, making combined QuEXAFS/XRD possible. A specially designed 

furnace was used to heat the samples in situ in the beam, collecting both EXAFS and 

XRD data together up to 900°C. It was therefore possible to monitor the zeolite for 

structural solid state transformations up to near collapse conditions.

The XRD data collected in this study has not been used as it is the EXAFS 

data that is relevant. Therefore, the XRD technique in this case will not be discussed.
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Figure 2.6.3B: A schematic diagram of the experimental configuration for collecting combined 

QuEXAFS/XRD data on station 9.3 in transmission mode.

2.7 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis or TGA, is a technique used to monitor the mass 

of sample against time or temperature. Figure 2.1 A  is a simply schematic diagram of 

the thermobalance system. The electrobalance and its controller are the most 

important and precious parts of the whole apparatus. The balance itself is a modified 

electronic microbalance with the weight arm pivoted about an electrical coil 

suspended in a magnetic field. The arm movement is measured optically; any break 

between or deflection of light from the sensor is measured and an electric field is 

applied to the coil to return it to the null position. This maintains stability of position 

within the furnace, which is important once the experiment begins. The resolution is 

generally around Ipg or better^^. Problems with these systems only occur once the 

furnace is switched on and ramping. The first problem is that of sample attack on the
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balance, which simply refers to loss of corrosive or oxidising gases, which can affect 

the balance mechanism, reducing its accuracy. Purge gas is usually used to remedy 

this problem, employ an inert gas such Nitrogen. Another problem is that of gas 

convection currents surrounding the sample holder. These may be turbulent and 

affect the balance readings. However, modem TGA cell design has taken this into 

account and most modem systems reduce convection. Buoyancy also has an effect in 

this case too.

Furnace

Sample

Thermocouple

Electrobalance Balance control unit

Gas in

Programmer

Recorder and/or 
computer

Gas out

Figure 2.7A: Schematic of the thermobalance system

Usually associated with larger sample sizes this problem arises during heating where 

the density of the gas decreases, while the density of the solid hardly changes. This 

results in a sudden up thrust causes an error in the recorded balance readings, for 

which there are three ways to compensated^:
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1. Run a blank buoyancy curve with an inert sample of similar volume 

and subtract this curve from the experimental one.

2. Use smaller samples and therefore smaller volumes to minimise the 

effect.

3. Counterpoise the experimental sample with a sample of similar 

volume and heat them both together and the same time. The up thrust 

on both samples cancels out the effect.

The TGA experiments presented here were carried out at the Chemistry Department 

of Birkbeck College, on a Shimadzu TGA system. The sample size varied from 10-15 

mg and then ramped at 5°C/min to a temperature of 600°C. All the analysis was 

carried out with the Shimadzu analysis software.

2.8 Scanning Electron Microscope (SEM) and Energy 

Dispersive Analysis of X-rays (EDAX)

The SEM probe was used to check the sample crystallinity and EDAX 

analysis equipment was employed to identify the amount of ion exchange and the 

elemental composition of the Clinoptilolite samples prior to each experiment. The 

electron source for the scanning electron microscope (SEM) is an electron gun with a 

tungsten ‘hairpin’ filament heated to about 2700K to produce thermionic emission. A 

negative potential applied to the filament of around 10-30 KV accelerates the 

electrons through an aperture in an earthed anode plate. A high vacuum of around 10' 

Torr or better is needed so that the filament does not oxidise or scatter the electron 

beams. Magnetic lenses give a fine beam focus onto the specimen. Two electron 

lenses produce a demagnified image of the source on the specimen, but more lenses
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can be used for more high resolution systems. An electron detector captures the 

diffracted electrons from the sample and in a scanning mode captures a high 

resolution image of its topography. Again this whole procedure in the specimen 

chamber is also held under a high vacuum. Most SEM machines come with the 

EDAX system also incorporated allowing the specimen to be viewed prior to 

elemental analysis*^ .̂

2.8.1 Energy Dispersive Anaiysis of X-rays (EDAX)

This technique is also sometimes referred to as EDXA (energy dispersive x- 

ray analysis) or EDAX. Energy Dispersive X-ray Spectroscopy (EDS) or EDXA are 

preferred since EDAX has been adopted as a trademark and name by one of the 

suppliers of EDS systems.

Next to secondary electrons and hackscattered electrons, the characteristic X- 

rays that are produced by the interaction of an electron beam with a sample are 

perhaps the most widely used signals in an SEM.

X-rays result from the incoming electrons knocking inner shell electrons out 

of atoms in the sample. As outer electrons drop into the vacancy, they are obliged to 

dispose of the excess energy, often as an x-ray photon. Since each element has its 

own unique set of energy levels, the emitted photons are indicative of the element 

that produced them. Analyzers are then used to characterize the X-ray photons for 

their energy (or wavelength) and abundance to determine the chemistry of the 

sample^^.

Due to the small size of the electron probe, it is possible to obtain elemental 

analyses for volumes as small as 1 um in diameter. This capability is useful for 

determining the presence of contaminants, investigating phase differences, and
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locating inclusions, as well as determining qualitative or quantitative elemental 

composition.

EDAX operates by using a crystal of silicon or germanium to detect the x- 

rays. Each photon generates multiple electron-hole pairs equal in total energy to the 

energy of the photon (each pair has a fixed energy determined by the crystal). A 

voltage is applied to the crystal to separate the electrons and holes so that the charges 

appear as a small step-change in the voltage. Pre-amplifiers and amplifiers process 

the signal and pass it to a multichannel analyzer (analog-to-digital converter) so that 

the X-ray spectrum can eventually be displayed as a histogram of X-ray intensity as a 

function of energy^^.

The detector crystal is kept under vacuum at liquid nitrogen temperatures, and 

requires a window of some kind to isolate it from the SEM chamber. Early windows 

were made out of beryllium, which, however, severely attenuated X-rays from 

elements lighter than sodium. Improvements in materials, has led to a generation of 

"thin-window" detectors, which can pass X-rays down to and including boron.

X-ray analyses may be broadly divided in to qualitative and quantitative 

analyses. Qualitative analyses are those that are concerned with determining the 

elements in a sample and a rough measure of their abundance. Qualitative analyses 

would include survey analyses, line-scan profiles, and X-ray maps. Quantitative 

analysis is used to determine the elemental composition at one or more points, which 

involves careful determination of the identification and abundances of the elements 

present in a sample. Accuracy is often possible to tenths of a percent when standards 

are used. Standardless analyses can generally provide a compositional estimate, but 

with less accuracy. Several requirements must be met to ensure the success of a 

quantitative analysis. Samples must generally be flat, homogenous, and thick to
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satisfy assumptions in the analysis software and all elements should be measurable 

within the sample. Standards are advisable to account for particular characteristics of 

the microscope. The relative X-ray intensity varies with the angle of the surface of 

the sample. Therefore, the surface must be at some known, consistent angle if not 

altogether flat, which is necessary to supply the maximum effective X-rays to the 

detector; badly orientated samples will produce poor results. Likewise, samples must 

also be homogenous with depth so that the beam is entirely contained in a single 

phase; rough edged samples produce secondary scatter from other parts of the sample 

and also block X-rays producing poor results. Standards can help to account for 

peculiarities in geometry or detector, and even for chemical environment.

The samples for the work presented were analysed on a Jeol733 Superprobe 

with an Oxford Instrument ISIS/INCA microanalytical system (EDAX). The samples 

were mounted on aluminium studs with carbon sticky pads on the upper surface on to 

which the sample is mounted. Each sample was scanned in at least 10 different 

positions and an average produced to give an idea of elemental content across the 

whole sample.

2.9 Summary

This chapter has aimed to introduce the reader to the various techniques that 

have been employed in this thesis. The following chapters are the results of in situ 

studies that have been completed to structurally characterise Clinoptilolite in a 

number of ion exchanged forms.
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Chapter 3:

I n  s i t u  High Temperature Micro 

Crystaiiine Diffraction Study of 

Ion Exchanged End Members 

of Clinoptiloiite.
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3.0 Summary

Here is described an in situ high temperature micro crystalline diffraction 

study of ion exchanged end members of Clinoptiloiite. Single crystals of 

Clinoptiloiite were exchanged with Cs, K, Na, Sr, Ca, and Mg, which in most cases 

resulted in full exchange except for the Mg single crystals. The Mg sample also 

contains both Ca and Na. The samples were taken to station 9.8 at Daresbury SRS, 

where all the high temperature experiments were completed.

The samples were heated and the diffraction data collected in situ and at 

temperature. The resulting refinements showed that the cations followed trends 

depending on the size and charge of the cation. The larger cations such as Cs, K, and 

Sr, maintained the Heulandite topology throughout all the temperature runs. Ca and 

Na produced a collapsed structure referred to as the “heat collapsed” framework. The 

Mg mixed exchanged sample produced a loss of symmetry from monoclinic to 

triclinic with dehydration. The migration of cations as a result of dehydration and the 

subsequent bonding to framework were found to be one of the main causes of 

destabilisation of the tetrahedral framework.

104



3.1 Introduction

As noted in chapter 1 Clinoptiloiite is used in many industrial applications, due 

primarily to its abundance and cation exchange ability. It is extensively used for the 

removal of Cs and Sr from low level waste streams of nuclear power plants* and it is 

this application that spurred this investigation into the effects of various cations on 

the structural integrity of Clinoptiloiite. Many industries use natural Na- 

Clinoptilolite as a trap for radioactive isotopes. However, it is known that the waste 

streams are typically at temperatures over 100°C which can affect the structure of a 

natural Na-Clinoptilolite. Previous work^’̂  has examined the effects of cation type 

on the unit cell of Clinoptiloiite over its dehydration range. Smyth'* studied both 

natural and Cs-exchanged Clinoptiloiite single crystals, identifying the cation 

positions. The dehydration of natural Clinoptiloiite single crystals (containing 

predominantly Ca and Na) was studied by Armbruster et al.^’̂  who found a heat- 

collapsed structure which was related to A1 concentration on the T2 site and cation 

location; earlier work by Koyama and Takéuchi^ had suggested that this collapse is 

inhibited with K- rich Clinoptiloiite, and this was also confirmed later by Galli et al .̂ 

An important aim of this investigation has been to use fully exchanged samples in 

order to clarify the effect of different cations on the structural changes with 

temperature, in contrast to studies on mixed cation samples where the attribution is 

not clearly defined. In particular we conclusively identify the cause of the “heat- 

collapsed framework” structure, which is a transformation of the framework caused 

by dehydration and Na cations.
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3.2 Methodology

All single crystal x-ray diffraction experiments were carried out on Station 9.8 

at the Daresbury SRS, Runcorn. Sample preparation and characterisation (thermal 

analysis, electron microscopy) were performed at the two main host sites the Royal 

Institution and Birkbeck College. For the single crystal diffraction measurements, 

micro-crystals were scraped from the surface of a natural mineral sample of 

Clinoptiloiite supplied by the (London) Natural History Museum collection. Ion 

exchanges were performed using aqueous salt solutions (1:1 mole of salt to 

Clinoptiloiite per 10 ml of water) of each cation (e.g. CsCl) for two months at room 

temperature followed by another two months in an autoclave at I60-I70°C for 

monovalent cations and at 90°C in a water bath for bivalent cations. The salt solution 

was renewed weekly for all the samples. Electron microscope analysis (SBM with X- 

ray fluorescence microprobe) at Birkbeck College Geology department was used 

throughout these procedures to test and confirm that the ion-exchange had been 

completed. The resulting ion exchange results are given below:

Cs Clinoptiloiite = Cs6 AL Sizs O72 XH2O 

K Clinoptiloiite = Kô AIô Si25 O72 XH2O 

Na Clinoptiloiite = Na6 Alô Si25 O72 XH2O 

Mg Clinoptiloiite = Mgo.6 Nai.g Ca,,6 Ale Si2s O72 XH2O 

Ca Clinoptiloiite = Cas Ale Si2s O72 XH2O 

Sr Clinoptiloiite = S rs AI3 Si2s O72 XH2O

These SEM results compare favorably with the refinement results obtained 

later. For example, the ambient Cs Clinoptiloiite refinement has the formula Cse A le  

Siso O72, while the Ca Clinoptiloiite ambient refinement has the formula Cas A le Siso 

O72. This demonstrates a good agreement between both techniques.
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For the experiments at station 9.8, crystals were selected under a polarized 

microscope at lOX magnification, typical crystal size being 40x40x10pm. The 

crystals were then glued to a thin glass wool fibre with epoxy resin. The fibre is 

mounted onto a glass fibre, which in turn is glued to an Alumina tube. Alumina Tube 

pins are now used instead of copper pins for high temperature data collection as it 

was found that copper pins expanded and contracted in the hot air flow moving the 

crystal in and out of the beam, limiting success. The pin was mounted onto a 

goniometer and placed on the Bruker IK Smart System diffractometer. A matrix was 

taken of the sample and a space group selected, dependent on the reflections 

identified. The choice of space group was checked by matching the unit cell 

dimensions with those published on natural Clinoptiloiite samples.

A typical scan could be between 3 and 6 hours depending on the temperature 

and the amount of water present. A typical day experiment would consist of an 

ambient structure being collected followed by ramping of the temperature at 2°C/min 

to 200°C, holding for 1V2 hours, collecting another scan, ramping the temperature at 

l°C/min to the next level of 300®C, holding again for 1V2 hours, and then collecting 

the data before cooling. 300°C was defined as the maximum temperature for these 

experiments, as scans at higher levels were cut short due to the evaporation of the 

epoxy resin above 350°C. The temperature was ramped slowly, and time given to 

resting at each level, to allow the sample to reach an equilibrium state before 

collecting data.

To reach the required sample temperature, an electrically produced gas 

stream^ was directed onto the sample. The hot blower works like a turbo powered 

hair drier heating the air to 450°C with a K-type thermocouple on the end of the 

blower controlling the temperature via a computer program controller and power

107



supply. Calibration of the blower is simple a second thermocouple is placed into the 

air flow at the point where the crystal would be and the temperature checked over the 

whole range and then calibrated. The accuracy of each temperature using this 

arrangement is controlled to within around ±0.5°C. At the end of the experiment the 

crystal was saved for any further scans or for any validation purposes that might be 

necessary.

After the data collection the results are integrated to produce a HKL file of the 

matched intensities for the space group assigned by the matrix. Next, the data need to 

be processed before leaving the station to make corrections for beam decay and if 

necessary adsorption. The SADABS (Siemens area detector adsorption (and other) 

corrections) program corrects the data by reading in the .sad file created during data 

collection. The .sad file is run through XPREP to create the final INS file for use with 

the Shelxs program for structure solution by direct methods.

The refinement of the data collected was completed using the WinGX 

program which contains the Shelxs and Shelxl-97 routine^^''. A complete set of 

crystallographic data sets can be found in the Appendix.

Here a typical refinement will be described for the Shelxl-97 software 

contained in the WinGX package. The basic refinement begins with the instruction or 

INS file shown in figure 3.2. This file is processed through the Shelxs-97 package to 

give a possible structure solution by Direct Methods, identified by the Tref command 

in ins file. The resultant electron density peaks can then be refined using Shelxl-97 to 

give the final structure solution. Figure 3.2 is the ins file for Cs Clinoptiloiite 300°C 

which we will use as an example. All the refinements in this thesis were completed 

in either monoclinic C2/m or triclinic P-1 space groups. The first process is to 

identify the framework silicons and oxygens, which are refined isotropically at first
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using the Shelxl-97 software which draws reflection data from a HKL file and refines 

those parameters that are requested in the ins file. The command L.S. 4 is the least 

squares command and the number of cycles defined by the user to be refined. The 

output from this routine is a res file and an R factor which is given in equation 1: 

Ri = z |  | f „ | - | F c | | / z  | F o |

The R factor measures the quality of the fit between the observed reflections (Fq) in 

the HKL file and the calculated reflections (Fc) above a threshold which is Fo > 

4a(Fo).The lower this number, the better the convergence of the data. Once the least 

squares cycle has finished the res file contains a list of electron density peaks (e/Â^) 

or Q peaks, which identify the coordinates and bond lengths to the nearest atoms, for 

each peak. Once a Q peak is identified as a particular atom e.g. Si, it is copied into 

the structure part of the res file and labelled Si. At this point the atoms chosen are 

isotropic. Once editing is complete the res file is saved to an ins file for least squares 

refinement. The next step is to take the framework anisotropic using the command 

ANIS, inputted into the res file and is saved as an ins file for refinement. The res file 

is checked to make sure it is progressing properly and the framework principal mean 

square atomic displacements (U) in the list file are monitored to make sure they are 

realistic. The axes of the thermal ellipsoids should remain in small in all dimensions. 

The remaining Q peaks in the res file after the framework is stable, refer only to 

cations and waters. By checking the bond lengths and electron density against the 

SEM results it is possible to assign the peaks to the appropriate atom. These are 

entered into the res file below the framework atoms in an isotropic form. The routine 

is repeated for the cations and waters as it did for the framework. However, in the 

case of cations and waters free variables are added at the isotropic stage to refine 

there occupancies. The annotated ins file figure 3.2 identifies the free variables. The
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adding of 10 in front of the occupancy for the framework atoms fixs the occupancies 

to the numbers that follows eg. 11.0000 or 10.5000 (figure 3.2). The occupancies for 

the waters are assigned the same free variable value as those for the cation they are 

bonded to, since it is viable that both the cation and its water are going to share the 

same occupancy.

Figure 3.2: Cs ion exchanged Clinoptiloiite at 300°C ins file

TITL ri84 in C2/m
CELL0.6904 17.170 17.683 7.456 90.000 113.27 90.000 
ZBRR 1.00 0.017 0.017 0.007 0.000 0.02 0.000 
LATT 7
SYMM -X, Y, -Z 
SFAC O AL SI CS 
UNIT 7 26306

TEMP 300 
size 0.06 0.04 0.01 
acta 50 
omit -2 

-3 
5 
-4 
-6

Space group 
information

omit
omit
omit
omit
omit
omit
omit
omit
omit
omit
omit
omit
omit

Omitted
reflections

Restraints

REM CELL REFINEMENT SAINT v6.02a 
REM 2741 reflections Min 2Theta 5.02 Max 2Theta 57.76 
L.S. 4 
BOND 
FMAP2 
PLAN 20 
eadpall si 1 

exyzall si 1 
simu 0.01 csl csla cs2 cs3 cs3c cs3a cs3b 

isor 0.01 csla cs2 cs3 cs3c cs3a cs3b 
sump 6 0.001 4.0 2 8.0 3 4.0 4 8.0 5 4.0 6 8.0 7 
WGHT 0.137800
FVAR 0.13193 0.59404 0.17383 0.14354 0.11208 0.05324 0.06867 
ALl 2 0.210264 0.089348 0.416982 10.75000 0.02997 0.01905 = 

0.02375 0.00048 0.01158 -0.00004
511 3 0.210264 0.089348 0.416982 10.25000

0.02375 0.00048 0.01158 -0.00004
512 3 0.068247 0.208200 0.214662 11.00000

0.02342 0.00142 0.00914 0.00341
513 3 0.211900 0.313160 0.201135 1146666-

0.02246 -0.00093 0.01230 -0.00150
514 3 0.321693 0.167126 0.236495 11.00000

0.02198 0.00158 0.00733 0.00043
515 3 0.500000 0.216731 0.500000 10.50000

0.02419 0.00000 0.01007 0.00000
01 I 0.188699 0.000000 0.415305 10.50000

0.07758 0.00000 0.03922 0.00000
02 1 0.121370 0.132630 0.299024 11.00000

0.09249 0.01582 0.01378 0.01691
03 I 0.255091 0.117130 0.645083 11.00000

0.03602 -0.01301 0.01783 -0.00506
04 I 0.273368 0.101040 0.302229 11.00000

Free
variables

1 0.02997 

1 0.02313

0.01905 = 

0.03657 =

U .U J  ! L 1 0.03133 -

1 0.02036 0.03567 =

1 0.02034 0.04159 =

1 0.06762 0.02890 =

1 0.04770 0.04984 =

1 0.08014 0.05473 =

1 0.05763 0.05857 =

Fixed occupancy
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0.05923 -0.00072 0.03687 -0.01071
05 1 0.126373 0.278108 0.207645 11.00000

0.09236 0.00549 0.04245 -0.01254
06 1 0.000000 0.188180 0.000000 10.50000 

0.02787 0.00000 -0.00257 0.00000
07 1 0.018256 0.229851 0.350160 11.00000 

0.06281 -0.02673 0.04401 -0.01161
08 1 0.285493 0.250539 0.251638 11.00000 

0.04714 0.00006 0.01455 0.01577
09 1 0.191198 0.351219 -0.012216 11.00000

0.02792 0.00336 0.01904 0.00650
010 1 0.421437 0.161290 0.381454 11.00000

0.05275 -0.00422 0.00208 -0.00031
CSl 4 0.315841 0.500000 0.105600 20.50000

0.07044 0.00000 0.03581 0.00000
CSIA 4 0.366249 0.458343 0.124499 51.00000 

0.13372 -0.05394 0.04608 -0.04521
CS2 4 0.458864 0.500000 0.084000 40.50000 

0.19235 0.00000 0.04525 0.00000
PART 1
CS3 4 0.438700 0.000000 0.607972 30.50000 

0.11112 0.00000 0.02012 0.00000
PART 2
CS3c 4 0.473810 0.000000 0.545568 30.50000 

0.15179 0.00000 0.03749 0.00000
PART 0
CS3A 4 0.428965 0.025764 0.675913 71.00000 

0.12520 0.01382 0.02735 0.01954
CS3B 4 0.500000 0.087208 1.000000 60.50000

0.18033 0.00000 0.05472 0.00000

0.05637 0.05307 =

0.07892 0.08598 =

0.06297 0.07560 =

0.04554 0.04766 =

0.06251 0.05943 =

0.02507 0.05085 =

0.12728 0.05969 =

0.16355 0.13399 =

0.22318 0.16584 =

0.11469 0.07229=

0.14447 0.06034 = ^ ----------

0.12240 0.09095 =

0.15348 0.14867 =

Split cations

HKLF4 R factors
REM ri84 in C2/m 
REM R1 = 0.0718 for 1911 Fo> 4sig(Fo) and 0.0912 for all 2749 data 
REM 178 parameters refined using 61 restraints

END

WGHT 0.1368 0.0000
REM Highest difference peak 1

Weights

Qi
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
QIO
Q ll
Q12
Q13
Q14
Q15
Q16
Q17
Q18
Q19
Q20

0.3947 0.4166 0.1918 
0.3507 0.5000 0.2044 
0.2591 0.5000 0.0666 
0.3588 0.5000 0.0545 
0.5263 0.0000 0.5825 
0.5000 0.5000 0.0000 
0.4613 0.0586 0.7805 
0.5065 0.0000 0.6654 
0.1214 0.2589 0.1191 
0.4881 0.0772 0.8758 
0.0476 0.2062 0.0717 
0.4061 0.0000 0.8764 
0.0121 0.2113 -0.0755 
0.4149 0.0000 0.7646 
0.1567 0.2983 0.2572 
0.2078 0.0530 0.4427 
0.1300 0.0970 0.2927 
0.3816 0.1762 0.3516 
0.2658 0.3295 0.3237 
0.4262 0.2121 0.4041

685, deepest hole-0.762, 1-sigma level 0.233
11.00000 0.05 1.68
10.50000 0.05 1.58
10.50000 0.05 1.39
10.50000 0.05 1.37
10.50000 0.05 1.32
10.25000 0.05 1.28
11.00000 0.05 1.08
10.50000 0.05 1.07
11.00000 0.05 0.82
11.00000 0.05 0.80
11.00000 0.05 0.70
10.50000 0.05 0.66
11.00000 0.05 0.65
10.50000 0.05 0.64
11.00000 0.05 0.63
11.00000 0.05 0.60
11.00000 0.05 0.57
11.00000 0.05 0.56
11.00000 0.05 0.54
11.00000 0.05 0.52

If there are a set number of cations in the sample then the final number of each cation 

type per unit cell can be weighted and accurately ascertained by using the SUMP 

command. SUMP commands are used to restrain elements distributed over several
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sites in minerals so that the elemental composition corresponds to the experimental 

chemical analysis. This command has the command line:

SUMP n(number of cations) sigma (standard deviation) c l (multiplicity number

devised from the coordinates) m l (free variable num ber) c 2  m 2.....

The multiplicity number is doubled for 2 + ions and for those cations that need to be 

split (splitting will be discussed later).

Other commands used are SIMU and DELU, used to control temperature factors to 

keep them sensible. The command lines are:

DELU s i (standard deviation) atom names 

SIMU s i (standard deviation) atom names

For the DELU command all atoms named are subject to a rigid bond restraint, which 

corresponds to fixing of the anisotropic displacement parameters in the direction of 

the bond to be equal within the standard deviation si. s i is used to control the 

strictness of the restraint, the larger the number the weaker the restraint. SIMU 

restrains the atoms named to within the standard deviation (si) to have the same Uij 

components. For most refinements there is no need to use SIMU or DELU; the 

principal mean square atomic displacements (U) found in the list file, identify 

coordinates for atoms that may split due to high displacement and temperature 

factors. To split a cation the PART command is used as defined in the annotated ins 

file figure. The cation coordinates are removed and replaced with one set from the list 

file. This cation is placed in parti and returned to its isotropic form. A copy is made 

of the first cation, renamed, and placed into part2. PartO finishes of the command. 

The second set of coordinates from the list file is placed into the cation in part2. They 

are given the same free variable as they are the same site, but at any given time there 

can only be one of them at the locality at one time. However to cope with two atom
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sites the multiplicity number for that site is doubled in the sump command to 

maintain realism. To complete refinement all Q peaks above 1.00(e/Â^) should be 

used, provided the results are sensible and crystallographically correct. Towards the 

end of the refinements, any hkl reflections that are disagreeable can be removed using 

the OMIT command. This flags any reflections mentioned after it as being 

unobserved, which removes any poorly correlated reflections improving the data 

quality by retaining only strong reflections. The final refinement command is the 

adjustment of the weight to the recommended value. However, adding weights too 

soon can impair convergence by weighting missing atoms down. Once the model is 

fully conceived the weights can be applied and negative responses reduced improving 

the R factor. For every command that is used, the res file needs to be saved as an ins 

file and refined by least squares refinement. This process under most refinement 

conditions takes place after every new atom is found. Restraints are used only when 

necessary; OMIT and weights are only used at the end. It may be necessary to 

remove reflections that show bad disagreement early, but only in the worst cases.

3.3 Results

Crystallographic refinement R-factors (Table 3.3) for the structures, over the 

temperature range studied, vary between 4 and 7% in the case of the Na- and K- 

exchanged Clinoptilolites and 6.2-12%  with Cs-Clinoptilolite. The higher R-factor 

for Cs-Clinoptilolite is a result of the Cs higher electron density showing up a number 

of disordered cations with very low occupancies which have proved difficult to 

model. R factors for the bivalent cations range from 5.5% to 9.8%, the higher R 

factors being a result of low occupancy disordered sites within the Mg and Ca 

refinements and the associated framework distortion. The Sr refinement has larger R
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factors at high temperatures due primarily to the migration of cations to one major 

site.

The resultant crystallographic data tables are summarised where necessary in the text. 

A complete set of tables for each refinement can be found in the Appendix. The 

longest framework bonds are found for the Si(l) site which was constrained to be the 

highest occupied Al-site and was used for all the refinements in this report. The 

refined structure for each system is described in detail.

The typical asymmetric unit for the monoclinic C2/m structure are shown in figures 

3.3A, B, and C, for K-Clinoptilolite data at 18°C, 200°C, and 300°C. Figures 3.3A, 

B, and C, also show the typical evolution of the temperature factors for the 

framework and cations with an increase in temperature. The increase in the 

temperature factors cause a smearing out of the electron density and cause a lower 

than actual recording of occupancy from the electron density. Figure 3.3D illustrates 

the position and numbering used in this study for framework atoms. In all the 

diagrams the tetrhedral Si/Al sites have been represented by either S il or A ll.

Table 3.3: R factors for the monovalent and bivalent cation refinements

End m em ber and tem perature R | factor (I>2al) R | factor (all data) G oodness o f Fit

M g 18°C 0.0730 0.0741 1.162

M g 200°C 0.0898 0.1074 1.180

M g 300°C 0.0775 0.0987 1.127

Ca 18°C 0.0659 0.0674 1.108

Ca 200°C 0.0546 0.0647 1.076

Ca 300 'C 0.0893 0.1120 1.062

Sr 18°C 0.0565 0.0589 1.142

Sr 200°C 0.0987 0.1190 1.105

Sr 300°C 0.0818 0.1097 1.047

End m em ber and tem perature Ri factor (I>2oI) Ri factor (all data) G oodness o f fit

C s 1 8 'C 0.0690 0.0791 0.984
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Cs 200°C 0.0617 0.0751 0.941

Cs 300°C 0.0718 0.0912 0.999

K 18°C 0.0685 0.0748 1.039

K 2 0 0 'C 0.0412 0.0477 0.975

K 300°C 0.0480 0.0585 0.996

Na 18°C 0.0515 0.0612 1.015

Na 200 'C 0.0433 0.0563 0.925

Na 300°C 0.0445 0.0548 0.946

Figure 3.3A: K exchanged Clinoptiloiite at 18°C with thermal ellipsoids at 50% confidence level
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Figure 3.3B: K exchanged Clinoptiloiite at 200°C with thermal ellipsoids at 50% confidence level
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Figure 3.3C: K exchanged Clinoptiloiite at 300°C with thermal ellipsoids at 50% confidence level
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Figure 3.3D: Clinoptiloiite monoclinic C2/m framework showing position of framework atoms 

and numbering scheme.
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3.3.1 Cs-Clinoptilolite, 18-300°C

The evolution of the crystal structure from 18 to 300°C is illustrated in Figure

3.3.1 A, B, and C. The general tendency with both Cs- and K-Clinoptilolite is for the 

cations to reside on the 010-mirror plane surrounded by their water shells. At 18°C 

the C sl (occupancy 0.65(3)) sits very close to the 8-ring/10-ring junction so that it is 

partly hidden in the 001 figure 3.3.1 A. Csl is coordinated by 2 x 0 9  (3.19(5) Â), 2 x 

0 3  (3.21(5) Â), 2 X 0 4  (3.27(5) A) and 01 (3.52(7) Â) of the tetrahedral framework 

and two H2O molecules 02w  (3.16(3) A). The Cs2 site found in the centre of the 

small channel actually comprises two positions Cs2 and Cs2A sharing an occupancy 

of 0.35(17). Cs2 is coordinated to 2 x 0 2  (3.32(8) and 3.45(7)Â), 2 x 0 6  (3.35(7)Â) 

and 01  (3.53(11)A), framework oxygens. Cs2A is coordinated by 4 x 0 2  (3.37(2) 

and 3.4(2)Â), 2 x 0 6  (3.34(9)Â) and 2 x 01 (3.58(2) and 3.6(3)Â), framework 

oxygens. Cs3 site is split over three sites in towards the centre of the large channel. 

Cs3 (occupancy 0.35(9)) is coordinated to the framework by 4 x OlO (3.38(5) and 

3.75(5)Â) and 2 x 0 4  (3.4(6) A) and coordinated to one H2O molecule 03W  (3,14(4) 

Â). Cs3A and Cs3B share the same occupancy 0.15(4) and share the H2O molecule 

0 1 W (Cs3A 3.03(5) Â and Cs3B 3.18(7) Â). Cs3A is coordinated to the framework 

by 2 X 0 4  (3.5(3) Â) and 2 x OlO (3.58(6) Â), with Cs3B coordinating very similarly 

with 4 X 010  (3.22(2) and 3.36(4) A) and 2 x 0 4  (3.74(3) Â). We should note that the 

water molecules in this system could feasibly be attached to more than one cation but 

for this description they have been bonded to the most likely candidate.

By 200°C the waters are essentially removed, consequently the bond lengths 

shorten, and significantly some of the Cs-sites move off the 010-mirror plane (figure 

3.3.IB). The C sl (occupancy 0.29(8)) site remains within the junction of the large 

and small channels when viewed along the 001 axis. The cation coordinates to the
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framework by 2 x 0 3  (3.18(9) Â), 2 x 0 9  (3.2(8) Â), 2 x 0 4  (3.35(9) Â) and 01 

(3.46(11) Â). The Cs2 site splits into four (Cs2, Cs2A, Cs2B, Cs2C), moving off the 

010 mirror plane, filling the small channel. Cs2 (occupancy 0.13(4)) coordinates to 

five framework oxygens: 2 x 0 6  (3.44(8) Â) and 3 x 0 2  (3.46(8) A). Cs2A, Cs2B, 

and Cs2C share the same occupancy of 0.11(1). Cs2A is six fold coordinated by 2 x 

0 4  (3.22(8) A), 2  X 0 9  (3.26(7) A), and 2 x 0 3  (3.37(10) A), to the framework. Cs2B 

is only four coordinated to framework with 2 x 0 4  (3.27(11) and 3.56(11)A), 0 9  

(3.29(12) A), and 0 3  (3.35(15) A). Cs2C is similar to Cs2B as it is four coordinated 

to the framework by 0 6  (3.43(15) A) and 0 4  (3.55(15) A). The Cs3 site is split into 

two (Cs3, Cs3A) sharing the same occupancy of 0.23(18). Cs3 is four coordinated to 

the framework by 2 x OlO (3.3(6) A) and 2 x 0 4  (3.35(6) A). Cs3A is also four 

coordinated to the framework by 4 x OlO (3.09(6) and 3.33(6) A ).

In contrast, at 300°C there is a reduction in low occupancies at the Cs2 site in 

the small 001 8 ring channel, but an increase in low occupancy sites in the large 001 

channel (Cs3, Cs3A, Cs3B, Cs3C); however the trend between 200 and 300°C is an 

overall return in Cs density to the 070-mirror plane. C sl (occupancy 0.59(5)) is still 

the major site but also includes a low occupancy Csl A (0.11(3)) position nearby; Csl 

is six fold coordinated to the framework by 2 x 0 9  (3.28(6) A), 2 x 0 3  (3.32(6) A) 

and 2 X 0 4  (3.33(6) A); C sla  is only coordinated to three framework oxygens 0 4  

(3.31(10) A), and 0 3  (3.45(14) A). Cs2 is in the centre of the 001 8 ring channel and 

no longer surrounded by low occupancy sites. This site (occupancy 0.14(7)) could be 

described as eight fold coordinated to the framework, although the long 01 bonds 

(3.58(19) and 3.74(19) A) are probably unrealistic. The more probable six fold 

coordination to the framework is by 2 x 0 6  (3.51(11) A) and 4 x 0 2  (3.51(14) and 

3.53(14) A). The Cs3 site in the centre of the large channel has split into four sites:
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two prominent sites are Cs3 and Cs3C which share the same occupancy of 0.17(5) 

and two low occupancy sites, Cs3A and Cs3B which have occupancies of 0.07(5) and 

0.05(5) respectively. Cs3 is four coordinated to the framework by 2 x OlO (3.27(12) 

Â) and 2 X 0 4  (3.67(10) Â). Cs3A is coordinated to the framework by only 3 bonds, 

OlO (3.22(2) Â), 0 4  (3.29(3) Â) and 03  (3.32(2) A). The second low occupancy site 

Cs3B is four coordinated to the framework by 2 x 0 5  (3.18(3) A) and 2 x 0 9  

(3.49(13) A). Cs3C is also four fold coordinated to the framework by OlO (3.09(10) 

and 3.3 A).

The dehydration of the sample from ambient to 300°C causes an overall 

reduction in unit cell volume as shown in Table 3.3.1. The extent of the reduction is 

66A^ from 18 to 200°C during the major dehydration event. At 300°C, the unit cell 

has actually relaxed back 15 A^, which represents recovery of the framework once 

the cations have migrated into stable coordination with the framework after 

dehydration. The reduction in unit cell volume is primarily due to the a and b axis, 

while c remains unchanged. At 300°C the slight relaxation and subsequent increase in 

unit cell volume is produced along the b and c axis, while the a axis shortens further. 

In conjunction with the volume reduction across the whole temperature range, the P 

angle becomes smaller throughout from 113.83(2) to 113.27(2)° at 300°C. Si-0 bonds 

themselves decrease during dehydration, in some cases more dramatically than in 

others. The average Si(Al)-0 bond length for the Cs refinement at 18°C is 1.63 A with 

a maximum and minimum distance being 1.66(4) (S il(A ll)-04) and 1.6(4) A (Si5- 

07) respectively. By 200°C the average has dropped to 1.62 A with the maximum 

and minimum lengths reducing to 1.65(3) (Sil (A ll)- 04 ) and 1.58(3) A (Si5- 07). 

Nearly every Si-O bond shortens except for S14-09 which lengthens slightly by 0.004 

A from 18°C. By 300°C there is a relaxation in the framework and a small increase in
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unit cell volume. The Si-0 bond lengths increase by less than half the distance 

shortened by 200°C. The average remains consistent at 1.62 Â with the maximum 

length decreasing to 1.64(5) Â (S il(A ll)-03), but the minimum length consolidating 

at 1.59(5) Â (Si5-07). This shortening of bond length will due to thermal vibration of 

each atom, which will increase with temperature giving a false or short bond length.

Table 3.3.1: Unit cell dimensions for the monovalent cation refinements.

End member and 

temperature

a (Â) 6(A) c (A) aC) PC) yC) Volume (Â )

Cs 18°C 17.4303(6) 17.9836(6) 7.4396(3) 90.00 113.830(2) 90.00 2133.20(19)

Cs 200°C 17.213(6) 17.616(6) 7.435(3) 90.00 113.529(9) 90.00 2067.03(13)

Cs 300°C 17.170(17) 17.683(17) 7.456(7) 90.00 113.27(2) 90.00 2079.62(3)

K 18'C 17.4295(5 ) 17.9739(6) 7.4131(2) 90.00 113.9290(10) 90.00 2121.68(11)

K200°C 17.393(7) 17.835(7) 7.408(3) 90.00 113.966(9) 90.00 2099.9(15)

K 300°C 17.116(18) 17.616(18) 7.316(8) 90.00 113.08(2) 90.00 2029.32(4)

Na 18'C 17.4030(10) 18.0120(10) 7.4350(10) 90.00 113.812(2) 90.00 2294.37(12)

Na 200°C 16.945(13) 16.876(13) 7.369(6) 90.00 114.898(12) 90.00 1911.59(3)

Na 300'C 17.009(6) 17.003(5) 7.399(2) 90.00 114.733(8) 90.00 1943.53(10)

120



•  I» « « M » *  #1

V \  y  ""
\m r  ̂ V ^  \

% ,2W ^

« # #  «jc” #m =^ I#'" •  «D'"::

^  Z -̂' \D2 y ^  ^

1  "" % r
#  I# • • ■ • • • ' *  ^  •

View down the 001 axis

•  •
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3.3.2 K-Clinoptilolite, 18-300°C

At 18°C all the cations are sited on the 010 mirror plane surrounded by their 

water shells (Figure 3.3.2A). The K1 cation site (occupancy 0.89(5)) is at the junction 

between the small and large channels as viewed down the 001 axis (figure 3.3.2A). 

K2 (occupancy 0.38(7)) and K3 (occupancy 0.23(7)) is at the centre of the small and 

large channels respectively. K1 is eight fold coordinated by six framework oxygens; 

2 X 0 9  (2.99(3)Â), 2 x 0 3  (3.11(4) Â), 2 x 0 4  (3.12(4) Â) and two H2O molecules 

02W  (2.79(9) Â). K2 is also eight fold coordinated by 01  (2.81(8) Â), 2 x 02  

(3.05(6) A), four H2O molecules 02W  (2.71(11) and 3.06(11)Â), and one H2O 

molecule OIW  (2.76(9) Â). K3 is again in an eight fold coordination with 2 x OlO 

(3.10(5) Â) and 2 x 0 4  (3.21(3) Â) bonds to the framework, and four H2O molecules 

split between 03W  (2.8(2) and 2.91(2)Â) and 04W  (3.4(3) Â). The framework 

remains in a typical HEU topology at ambient.

By 200°C, all identifiable water has been removed and the cations have 

migrated closer to the framework shortening bond lengths (figure 3.3.2B). However, 

unlike with the Cs refinement at this temperature, all cations remain on the mirror 

plane. K1 is now split over two possible sites K1 and K IA  (figure 3.3.2B). The 

position of K1 (and relatively KIA) remains the same as at ambient. K1 (occupancy 

0.66(9)) is now six fold coordinated to the framework by 2 x 0 9  (2.83(3) Â), 2 x 0 3  

(2.99(4) A) and 0 4  (3.18(5) Â); K IA  (occupancy 0.26(11)) is also six fold 

coordinated to the same framework oxygens as K l, with the bond lengths of 2.71(4) 

to two 09 , 2.99(14) to two 0 3  and 3.26(18) to two 04 . K2 (occupancy 0.4(5)) now in 

the centre of the smaller 001 channel is coordinated by 2 x 0 2  (3.05(5) Â), 2 x 0 6  

(3.16(4) Â), and 01  (3.21(7) Â) (figure 3.3.2B). K3 (occupancy 0.18(6)) in the larger 

001 channel become four fold coordinated by 2 x OlO (3.02(4) Â) and 2 x 0 4
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(3.24(15) Â) (figure 3.3.2B). After dehydration the framework remains in the HEU 

topology, with little decrease in unit cell volume.

At 300°C all positions remain relatively stable and unchanged (figure 3.3.2C). 

K1 (occupancy 0.88(5)) remains coordinated to seven framework oxygens with 2 x 

0 9  (2.77(4) Â ),  2 X 0 3  (2.95(4) Â ),  2 x 0 4  (3.16(4) Â )  and 01  (3.27(7) Â ) (figure 

3.3.2C). K2 (occupancy 0.21(12)) remains six fold coordinated in the centre of the 

small channels (both 001 and 100) by 2 x 0 6  (3.11(5) Â) and 4 x 0 2  (3.28(4) Â) 

(figure 3.3.2C). K3 (occupancy 0.83(6)) is four fold coordinated in the large 001 

channel by 2 x OlO (2.99(5) Â) and 2 x 0 4  (3.24(17) Â) (figure 3.3.2C). The 

framework has not altered with dehydration and temperature and remains in the HEU 

topology.

As with the Cs Clinoptilolite results, the K framework has also undergone 

very little alteration over the whole temperature range. The unit cell volume has 

decreased consistently throughout the whole temperature range, as shown by the 

contraction in lengths of a and b axis as seen in Table 3.3.1. The volume decreases by 

33 between 18 and 200°C, which is much less than that for the Cs end member, 

which in contrast to the Cs it loses a further 70 in the last ramp to 300°C. This 

behaviour is representative of the different dehydration behaviours of both cations. K 

Clinoptilolite needs a slightly higher temperature to remove all the waters from the 

framework. This larger decrease in volume seen in the high temperature refinement is 

indicative of this longer dehydration behaviour. The c axis also reacts by shortening 

as the volume decreases at 300°C. In contrast to the volume the P angle reacts 

inversely increasing slightly from 113.08(10) at ambient to 113.97(2)° at 300°C. The 

unit cell contraction described here represents a shortening of the Si(Al)-0 bond 

lengths, which like the unique dehydration processes for each cation type, also varies
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between each cation end member. The average bond length at 18°C is 1.63 Â with a 

maximum and minimum of 1.66(4) Â (S il(A ll)-04) and 1.61(3) Â (Si2- 05) 

respectively. Once again, as with the Cs 18°C refinement, it is the Si 1/A ll site that 

has the longest bonds, which is to be expected due to all the A1 on the site. By 200°C 

the average bond length has shortened to 1.62 Â, with the maximum bond length 

(S il(A ll)-04) remained at 1.66(19) Â, and the minimum length is reduced at 1.6(2) 

A (Si5-07). At 300°C there is change to the Cs refinement as the unit cell decreases 

again. The average bond length has dropped to 1.61 Â with the maximum bond 

length shortening to 1.63(3) Â (S il(A ll)-04) and the minimum becoming 1.58(3) Â 

(Si2-05). Every S i-0  bond at this temperature shortens by a minimum of 0.002 Â at 

this temperature and by as much as 0.029Â.

To summarise, the K exchanged Clinoptilolite sample has remained stable 

throughout with no transformation of the framework. The reduction in unit cell has 

reduced with an increase in temperature, as a result of dehydration and a subsequent 

reduction of all Si(Al)-0 bond lengths.
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3.3.3 Na-Clinoptilolite, 18-300°C

The evolution of the structure with temperature is dramatically different for 

this smaller cation species. The "starting structure" at 18°C is the typical HEU 

topology seen in both the Cs- and K-forms, except for the possibility of an additional 

low occupancy site (Na4) off the 010-mirror plane, though it is more likely that the 

species is a water molecule (figure 3.3.3A). N al (occupancy 0.49(9)) is found in the 

junction between the small and large channels when viewed down the 001 axis 

(figure 3.3.3A). It is four coordinated by 2 x 0 4  (2.95(3) Â) and 2 x H2O molecules 

02W  (2.92(8) Â). Na2 (occupancy 0.56(6)) is found in the small 001 eight ring 

channel and is eight fold coordinated by 01 (2.54(5) Â) and 2 x 0 2  (2.72(12) Â) of 

the framework and five H2O molecules OIW  (2.27(7) Â) and 2 x 02W  (2.41(3) and 

2.78(3)Â) (figure 3.3.3A). Na3 (occupancy 0.44(8)) is found more centrally in the 

large 001 channel (figure 3.3.3A) and is four fold coordinated by 2 x 0 3  (2.57(6) Â), 

01 (2.94(5) Â) and the H2O molecule 03W  (2.67(8) Â). The isotropic waters 03W  

and 04W  are possibly lone molecules, although 03W  could be associated with Na3 

at a distance of 2.37(3) Â. However, they were found to be unstable when refined 

anisotropically.

By 200°C, with the water having been essentially removed, the framework 

has dramatically transformed to the “heat collapsed” form, which can be seen clearly 

in figure 3.3.3B in which the smaller 8-ring channel cross section changes shape such 

that it becomes more ellipsoidal with the long axis vertical (the 010-direction) (figure 

3.3.3B), while the larger 10-ring channel becomes flatter along this direction in 

compensation (figure 3.3.3B). The unit cell parameters (Table 3.3.1) are significantly 

reduced (by -10% ) between 18 and 200°C. The framework deforms to accommodate 

these changes, the largest deformation being borne by the S il/A ll-0 1  and Si2-06
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bonds described later. Two obvious consequences of this transformation are that (i) 

the Na-cations in the 8-ring channel (the Na2 site) move off the 010-mirror plane to 

occupy the extra volume above and below in the 010-direction (figure 3.3.3B), and 

(ii) the wider 10-ring channel means that the Nal-site cations now become actual 

residents of the 10-ring channel rather than sitting at the channel junction (figure 

3.3.3B). The Nal (occupancy 0.69(7)) site is four coordinated by 2 x 0 9  (2.44(4) Â) 

and 2 X 0 3  (2.53(5) Â) to the tetrahedral framework. Na2 (occupancy 0.44(8)) is 

similarly four coordinated by 2 x 0 2  (2.54(6) Â) and 2 x 01  (2.62(4) Â) to the 

tetrahedral framework. The Na3 site is split across two sites, Na3 and Na3A, at this 

temperature (figure 3.3.3B). The site was split due to the principal mean square 

atomic displacements (U) showed that the temperature ellipsoid was large enough to 

suggest two sites. Na3 (occupancy 0.12(8)) site is four coordinated by 2 x OlO 

(2.45(10) Â) and 2 x 0 4  (2.69(17) Â) to the tetrahedral framework. Na3A 

(occupancy 0.48(18)) continues to follow the trend with four OlO framework bonds 

at 2.59(3) Â,

This framework transformation persists at 300°C (figure 3.3.3C). All cations 

remain reasonably static with respect to 200°C refinement; bond lengths are on the 

most part unchanged (figure 3.3.3C). All cations remain four fold coordinated to the 

tetrahedral framework with the bond lengths to the framework oxygens given below:

• N al (occupancy 0.71(7)) 2 x 0 9  (2.44(3) Â) and 2 x 03  (2.51(4) Â)

• Na2 (occupancy 0.44(8)) 2 x 0 2  (2.59(6) Â) and 2 x 0 1  (2.66(4) Â)

• Na3 (occupancy 0.16(7)) 2 x OlO (2.46(11) Â) and 2 x 0 4  (2.77(2) A)

• Na3A (occupancy 0.39(13)) 4 x OlO (2.63(2) Â)

The unit cell volume at 300°C increases from that at 200°C. However, the framework 

shape remains predominantly unchanged; the heat collapsed structure is quite evident
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(figure 3.3.3C). 01  bridges between the framework layer structure above and below 

each channel have been distorted as described in table 3.3.3 (figure 3.3.3C). The 01 

distortion is a change in bond angle, which can be described as giving the junction 

walls between channels down the 001 axis, “a sagging look” (figure 3.3.3C). 0 6  has 

also moved position (table 3.3.3) and this movement, in association with 01 , which 

has caused the framework distortion and distinctive ellipsoidal channel patterns as 

shown in figure 3.3.3D, which illustrates the difference in channel orientation caused 

by the two oxygen bonds on the 001 channels and the amount of narrowing seen in 

the channel.

Table 3.3.3:Changes in bond length and angle for 0 1  and 0 6 .

Bond length (Â) Bond angle (°)

300°C 06-Si2 1.584(12) 154.48(13)

0 1 -S il 1.650(14) 137.75(2)

200°C 06-Si2 1.582(16) 151.0(3)

01-Sil 1.647(18) 137.16(2)

Ambient 06-Si2 1.629(11) 148.37(3)

01-S il 1.644(13) 157.81(2)

Between 18 and 200°C the Na2 bond to 01 shortens as the temperature increases 

which is the opposite of the K2 site which reacts by extending the bond. However, 

though the occupancies of both cations are the same, the K2 site has longer bonds to 

01 and therefore bonds more to 0 2  and 06 , while the shortening of Na2 onto the 01 

site may have caused destabilisation by drawing on the bond. K2 easing away from 

01 places less strain on the bridging oxygen and so maintains stability. This 

conclusion is further endorsed by the results for the Cs, which clearly show that Cs 

bonding to 01  is limited with long distances (> 3Â). The contortion of 0 6  is in 

reaction to the distortion of 01  to maintain the channel structure (figure 3.3.3D). The
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Si2 / 0 6  and Si2 / 0 7  bonds shorten in length from 1.63(11) to 1.58(16)Â and 1.63(2) 

to 1.6(3) Â respectively as a response to the movement of O l. Furthermore, the 07  

bond to Si5 decreases from 1.61(4) to 1.59(3)Â, the combined effect of contortion of 

these bonds produces the heat collapsed ellipsoidal channel forms, which is further 

collaborated by the change in torsion angles of these bonds in response to this 

shortening. The 18°C torsion angles for 07-Si2-02-A ll is 122.32(16)° and 06-S12- 

02-A ll is -121.33(11)° and yet at 200°C the torsion angles for 0 7  and 0 6  have 

become 107.96(16)° and 110.60(18)° respectively. This change is clear and 

representative of the local twisting in this area to produce the heat collapsed structure 

shown in figure 3.3.3D. The Si-0 bond lengths for the 18°C Na Clinoptilolite 

framework remain similar to those seen in the K and Cs refinements. The average 

length is 1.63 Â with the maximum and minimum bond lengths being 1.67(3) 

(S il(A ll)-04) and 1.61(2) Â (Si5-07) which is typical for the monovalent cations. At 

200°C, after the heat collapsed framework has formed the S i-0 bond lengths react by 

the average bond length dropping to 1.63 Â. The maximum values are also inline 

with the trend (1.66(3) Â for the Si 1/All-03 bond), although the minimum is slightly 

shorter at 1.58(16) Â (S12-06), it is not drastically different. At 300°C the average 

length is constant at 1.63 Â, as are the maximum and minimum values, with that of 

the 200°C refinement. The change here is that instead of Si 1/A ll-03 bond being the 

longest it is now the S il/A ll-01  bond. The result of a constant average, maximum, 

and minimum, between 200 and 300°C does not explain the relaxation in the 

framework causing an increase in unit cell volume at 300°C. The median value of 

both the 200 and 300°C Si-0 bonds does give us evidence of a general overall 

increase. For 200°C the median value is 1.63Â while at 300°C the value is longer at 

1.64Â.
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To summerise; both dehydration and the bonding of Na2 to the framework 01 

cause the framework to collapse in on the channels. Both the 100 and 001 channels 

have narrowed as a result of the 01 and 0 6  bonds to framework silicons changing in 

angle. This change causes the narrowing of the channels and an overall reduction in 

unit cell volume. The effect of this narrowing is a change in cation sites, particularly 

in the small channel where the Na sites are now above and below the mirror plane. 

This framework transformation persists at 300°C, with the cations remaining 

relatively static.
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Figure 3.3.3D: The main oxygen bonds involved in the formation of the heat collapsed 

framework form in the Na exchanged Clinoptilolite at 200°C.

• Main atoms involved in structural change are 01 and 06.
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Table 3.3.3A: Approximate channel width and height changes during structural modification for 

the 001 axis only:

Length: A (Â) B1 (Â) B2 (Â) B 3(Â )

Ambient

200°C

3ŒTC

7.341

&333

6.449

7.792

63 6 3

6/^8

6.409

&875

8.781

10.22

10.513

10.545

Description of codes used in table 3.3.3:
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Figure 3.3.3A: Na ion exchanged Clinoptilolite at 18°C viewed down the 100 and 001 axis. Na in

purple, O in red, and Si in yellow.
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3.3.4 Mg-Clinoptilolite 18-300 C

The Mg Clinoptilolite is only partially exchanged with Mg and resembles a 

natural Clinoptilolite containing both Na and Ca cations. The framework remains in 

C2/m monoclinic symmetry (figure 3.3.4A) at ambient. C al (light green sphere in 

figure 3.3.4A) cation is found in the small 001 channel with waters (figure 3.3.4A). 

C al (occupancy 0.39(4)) is octahedrally coordinated by 01  (2.58(7) Â) and 2 x 0 2  

(2.7(5) Â) to the tetrahedral framework and five H%0 molecules 4 x 03W  (2.43(9) Â) 

and 02W  (2.53(6) Â). C al, when viewed down the 001, is much tighter in the 

junction crossroad of the 100 and 001 channels (figure 3.3.4A). M gl (occupancy 

0.27(11)) (dark green sphere in figure 3.3.4A) is found to be at the centre of the 

channels when viewed down the 001 and 100 axis, surrounded by twelve waters and 

is not bound to the framework (figure 3.3.4A). Those waters that are not associated 

with Nal are octahedrally coordinated to the Mg by 04W  (1.96(2) Â), 2 x 06W  

(1.98(8) Â), 3 X 09W  (2.07(4) Â) and 2 x 05W  (2.18(12) Â) (figure 3.3.4A).

Nal (occupancy 0.44(12)) (pink sphere in figure 3.3.4A) is also found in the large 

channel in a typical location near the junction of both channels. As mentioned above 

N al shares some of its waters with M gl the bond distances for these are:

•  3 X 04W  (2.98(3) and 2.99(3)Â)

• 09W  (2.91(5) Â)

N al is coordinated by a further five bonds which are 2 x 0 3  (2.83(13) Â) and three 

H2O molecules OlOW (2.57(5) Â), OIW  (2.61(3) Â) and 09W  (2.91(5) Â) (figure 

3.3.4A).

At 200°C the framework has undergone a transformation, which has reduced 

the symmetry from monoclinic to triclinic P-1 (figure 3.3.4B). A reduced triclinic cell 

was chosen over a monoclinic one due to the converging Rint values being better
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than the original monoclinic C2/m refinement. The triclininc P-1 cell had an R(int) of 

2%, while the monoclinic I2/m cell had an R(int) of 28%. This loss of symmetry can 

be attributed to a number of causes, most noticeable dehydration and the migration of 

M gl, which can no longer be located (figure 3.3.4B). N al has moved much closer to 

the junction of the large and small channels down the pseudo monoclinic 001 axis 

and closer to the centre of the pseudo monoclinic 100 axis channel (figure 3.3.4B). It 

has also split over three sites: N al, N al A, and N alB  (figure 3.3.4B). C al has moved 

away from the mirror plane and up into a site in the framework four membered ring 

channels (figure 3.3.4B). The failure to locate M gl suggests it is spread over a 

number of disordered sites in the channel or, like C al, in the framework. It is unlikely 

that it shares the Na sites. The Na sites share the same occupancy, 0.47(4), and the 

migration seen is similar to that defined in earlier refinements and is typical of the 

cation type. N al is four coordinated by 0 3  (2.66(16) A), 016  (2.67(14) A), 0 8  

(2.74(19) A), and 0 2  (2.79(16) A) to the tetrahedral framework. N alA  is coordinated 

to five framework oxygens; 0 8  (2.52(4) A), 0 2  (2.55(4) A), 0 3  (2.84(4) A), 014 

(2.85(5) A) and 016  (2.89(4) A). NalB is only coordinated to three framework 

oxygens; 0 3  (2.48(3) A), 016 (2.52(4) A) and 0 8  (2.9(4) A). Cal (occupancy 

0.05(5)) is four coordinated although the long bond (2.76(3) A) to 016 might be a 

fifth coordinated oxygen. The four main coordinated oxygens are 017 (2.39(4) A), 

018 (2.44(3) A), 0 7  (2.44(4) A) and 012 (2.56(4) A).

The first difference found is that the 01 bond angle has changed. The change 

identified is different to that in the Na transformation, where it bows outward when 

viewed down the 100 channel. In this transformation the 01 bonds bows inward 

when viewed down 100 channel and there is no supporting cation. This is shown in 

figure 3.3.4C below.
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The framework itself has undergone a warping effect caused by a shear type 

movement in the layers. The main cause for the reduction of symmetry seen in the 

Mg sample between ambient and 200°C is the movement of Cal into the framework 

(figure 3.3.4B). The subsequent result of this migration is the alteration of several 

localised framework O bonds and their associated Si twisting/distorting the shape of 

the four membered ring channels in this area. The overall effect of this deformation 

is a shearing or stepping of the layers in the 001 direction which causes the loss of 

symmetry as seen in the figure 3.3.4C. The driving force of this distortion is found in 

the Mg cation, the mechanism being attributed to C al. We consider that the Mg 

cation in the large channel moves toward the framework as it is losing bonded water 

during dehydration. It is entirely possible that the Mg occupies a site near to or 

inside the 4 membered ring channels in the framework at opposing ends to Ca 

(figure 3.3.4B) and that the migration of Mg acts as the catalyst for Ca migration to 

the framework channels causing a reduction of symmetry. The Ca effects silicons 5, 

6, 7, 8, 9, and 2, and the associated oxygens in particular 11, 7, 16, 15, and 12, which 

are bonded to C al. The total effect of these changes between 18 and 200°C are 

shown in figure 3.3.4D. In terms of Si-0 bond lengths the change between 18 and 

200°C is considerable. The average Si(Al)-0 bond length at 18°C is 1.63Â and the 

maximum and minimum bond lengths are 1.67(4) Â for the Si 1/A ll-02  bond, which 

has been seen before with the monovalent cations, and 1.60(4) Â for Si5-07. At 

200°C, the average Si-0 bond length has dropped, which is expected with 

dehydration. The average has dropped slightly to 1.62 Â, but the range over which 

the bond lengths are spread has increased. The longest bond length is for Si 1/A ll-04
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at 1.68(4) Â and the shortest is 1.58(6) Â for Si7-012. This great variation indicates 

the extent of warping involved in creating the triclinic framework form.

Table 3.3.4A: The change of O l bond angles and lengths between 18°C and 200°C Torsion angles

18°C

01 -Sil -04 -Si4 158.52(3)°

Sil -0 1  1.65(16)Â 

200°C

01 -Sil -04 -SÎ4 162.21(2)°

Sil -O l  1.59(7)Â

The twisting of the whole framework cage causes the O l bridging bond angles and 

lengths to change as given in table 3.3.4B. Figure 3.3.4D clearly illustrates the cage 

twist and the alteration of O bonds that cause the loss of symmetry.

The Na cation in this instance does not affect the outcome as it is only the migration 

of Mg and Ca that cause the subsequent rotational deformation, seen in figure 3.3.4D, 

of the Si within the framework. In response to the bivalent ion migrations, Nal 

remains clear of O l therefore not inducing the “heat collapsed” form.

At 300°C there is little change from the 200°C refinement: cations have 

remained relatively stable; M gl has not reappeared and there is a slight relaxation in 

the framework (figure 3.3.4E). The unit cell volume changes given in table 3.3.4C 

show the slight relaxation evident: Cal is split into three sites at this temperature with 

the same occupancy of 0.05(2); Cal and C al A are in similar positions near the 4 ring 

channel openings on opposing comers of the small 8 ring channel when viewed down 

the pseudo monoclinic 001 axis (figure 3.3.4E). CalB  site is found in the top and

bottom centre of the small 8 ring channel when viewed down the pseudo monoclinic

001 axis (figure 3.3.4E). C al is four coordinated by O i l  (2.42(3) Â), 0 7  (2.44(5) Â),
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015 (2.54(3) Â) and 016  (2.55(4) Â). These bond lengths are practically the same as 

Cal at 200°C. A fifth bond, 012 (2.79(10) A), is too long to be included in the 

coordination shell. C al A is only coordinated to two framework oxygens: 0 7  (2.19(5) 

Â) and 015 (2.48(5) Â). Bond distances to other framework oxygens are greater than 

2.8 Â and are unlikely to be real. CalB is coordinated to three framework oxygens: 

0 7  (2.06(5) Â), 015 (2.53(5) Â), and 0 2  (2.55(6) Â). Two further bonds to 08  

(2.74(7) Â) and 0 3  (2.87(5) A) are long and again are probably not real. Nal/Ca2 is 

four coordinated by 0 9  (2.63(8) Â), 012  (2.69(10) Â), 017 (2.72(9) Â) and 0 4  

(2.83(9) A) (figure 3.3.4E). This site has been occupied by migrating Ca from the 

small channel site. N al on its own has an occupancy of 1.12, which is not possible; it 

also suggests more density on the site than can be attributed to Na. To account for 

extra density on the Na site Ca has been added. The Ca has migrated through the 

smaller 001 channel to the N al site, which may suggest a relaxation of the framework 

and the possible beginnings of a reversal of the transformation. The occupancies for 

this dual site are now N al- 0.47(13) and Ca2- 0.38(7), which are sensible. The Si-0 

bond lengths at this temperature emphasise the trend in unit cell volume reduction 

that has continued since 200°C. The average Si-0 bond length has dropped to 1.616 

A and the maximum and minimum bond lengths have become 1.68(6) (S il(A ll)-04) 

and 1.58(7) Â (S17-014) respectively. The slight reduction in length for the Si-0 

bonds, represent the loss of 5 of volume from 200 to 300°C.
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Table3.3.4B: Unit cell dimensions for the bivalent ion refinements.

Cation and 

temperature

a (Â) 6(A) c (A) a ( ') PC) yO Volume (Â;

Mg 18'C 17.3128(8) 18.0381 (8) 7.4235(3) 90.00 113.743(2) 90.00 2122.07(16)

Mg 200°C 7.369(13) 12.30(2) 12.30(2) 90.85(2) 105.91(3) 105.91(3) 1025.91(3)

Mg 300'C 7.365(8) 12.247(13) 12.332(13) 80.29(2) 72.70(2) 75.05(2) 1020.96(19)

Ca 18'C 17.2652(6) 17.9420(6) 7.4102(3) 90.00 113.7890(10) 90.00 2100.44(13)

Ca 200'C 16.784(3) 16.739(3) 7.3580(12) 90.00 114.597(2) 90.00 1879.63(6)

Ca 300°C 16.790(6) 16.773(6) 7.358(3) 90.00 114.348(5) 90.00 1887.85(12)

Sr 18'C 17.3176(7) 18.0277(7) 7.4218(3) 90.00 113.709(2) 90.00 2121.50(15)

Sr 200°C 17.196(8) 17.543(8) 7.371(4) 90.00 113.382(8) 90.00 2041.00(17)

Sr 300'C 17.292(12) 17.615(13) 7.372(5) 90.00 113.179(14) 90.00 2064.24(3)

The framework starts off in the typical HEU topology at ambient, before 

transformation to the P-1 triclinic at 200°C, which persists at 300“C. The main cause 

of this transformation is the Mg and Ca cations migrating, during dehydration, 

towards the framework. The Ca bonding twists the tetrahedral silicons on one side of 

the framework channels causing a step in the framework layers down the monoclinic 

001 axis. There is a reduction in unit cell volume similar to that seen the Na 

exchanged Clinoptilolite sample.
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Figure 3.3.4A: Mg ion exchanged Clinoptilolite at ambient viewed down the 100 and 001 axis. Na 

in purple, Ca in Dark green, Mg in light green, O in red, A1 in pink, and Si in yellow.
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Figure 3.3.4C: Comparison of the Na exchanged Clinoptilolite framework transformation at 

200°C and the framework transformation seen in the Mg exchanged Clinoptilolite sample at 

200°C.

Na Clino at 200°C
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Figure 3.3.4D: Comparison of the monoclinic A axis at 18°C and the pseudo monoclinic A axis 

seen in the triclinic framework at 200°C showing clearly the triclinic distortion caused by 

twisting silicons as a result of Ca (light green) near the framework. Na (purple) remains in the 

centre of the channels.
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3.3.5 Ca-Clinoptilolite 18-300°C

Only two cations are present at room temperature in this refinement (figure 

3.3.5A). The typical Ca site in the small channel viewed down the 001 axis is filled 

by Cal and is surrounded by waters in the usual formation. In the larger channel there 

is only Ca2 in a typical monovalent site position. Several waters are associated with 

this cation. The framework remains monoclinic C2/m. C al (occupancy 0.36(3)) is 

bonded to ten oxygens coordinated by 01 (2.56(5) Â) and 2 x 0 2  (2.76(3) Â) to the 

tetrahedral framework and eight H2O molecules 4 x 02W  (2.35(2) and 2.46(2)Â), 2 x 

08W  (2.4(2) Â), 03W  (2.56(3) Â) and 08W  (2.83(2) Â). Ca2 (occupancy 0.39(3)) is 

octahedrally coordinated by 2 x 03  (2.76(4) Â) to the framework and six H2O 

molecules 04W  (2.31(2) Â), 06W  (2.35(5) Â), O IW  (2.41(2) Â), 2 x 07W  (2.41(15) 

Â), and 05W  (2.6(2) Â).

At 200°C the framework undergoes the “heat collapse” transformation 

associated primarily with natural and Na forms of Clinoptilolite (figure 3.3.5B). The 

cations also undergo a similar effect to that of the Na type: C al in the smaller channel 

moves off the mirror plane and fills sites above and below the usual site (figure 

3.3.5B); Ca2 moves closer to the junction between the large and small channels and 

two low occupancy sites also appear in the larger channel: Ca3 near Ca2, and Ca4 

towards the centre of the channel (figure 3.3.5B). A single water remains between 

Cal and Ca2. The mechanism for this transformation has been described earlier for 

the Na end member. Cal (occupancy 0.37(4)) has a six fold coordination by 2 x 01 

(2.53(4) Â), and 2 x 0 2  (2.63(4) A) to the framework and two H2O molecules OIW  

(2.35(16) Â). Ca2 (occupancy 0.25(10)) has a four fold coordination by 2 x 0 9  

(2.52(5) Â) and 2 x 0 3  (2.64(9) Â) to the framework. Ca3 (occupancy 0.08(6)) also 

has a four fold coordination 2 x 0 9  (2.48(16) Â) and 2 x 0 4  (2.72(4) Â) to the
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tetrahedral framework. Ca4 has the lowest occupancy at 0.06(5) and has a four fold 

coordination to the tetrahedral framework made up of two pairs of OlO (2.6(12) Â) 

and 0 4  (2.66(17) Â).

At 300°C there is no real change to the refinement except that Ca3 splits into 

Ca3 and Ca3A moving towards the centre of the channel (figure 3.3.5C). There also 

remains some water in this system as identified in the 200°C refinement. Cal 

(occupancy 0.34(1)) remains in a six fold coordination with 2 x 0 1  (2.56(5) Â) and 2 

X 0 2  (2.66(6) Â )  to the framework and two H2O molecules O IW  (2.32(3) Â ) .  

Similarly, Ca2 (occupancy 0.24(2)) also remains in a four fold coordination with 2 x 

0 9  (2.54(6) Â) and 2 x 03  (2.65(9) Â) to the tetrahedral framework. The split low 

occupancy sites (occupancy 0.07(1)) Ca3 and Ca3A remain four fold coordinated to 

the framework. Ca3 has four OlO to bond to at 2.66(4) and 3.02(4) Â, while Ca3A 

has two pairs of oxygens to bond to OlO (2.57(11) Â) and 0 4  (2.61(15) A). Cs4 

(occupancy 0.04(3)) has a six fold coordination by 2 x 0 9  (2.41(19) A), 2 x 0 4  

(2.7(4) A), and 2 x 0 1 0  (2.76(2) A) to the tetrahedral framework.

The framework evolution from 18 -  300°C is very similar to that seen with 

the Na end member. At 18°C, the structure is fully hydrated and the framework in the 

Heulandite topology. However, after 200°C the structure transforms into the heat 

collapsed framework as seen and described with the Na end member. Cal in the 

smaller 001 channel, like Na2 in a similar location, bonds closer to 01 as described 

earlier in this chapter. The effect as found with the Na end member, is the formation 

of the heat collapsed structure with the reduced unit cell volume from 2100.44(13) to 

1879.63(6)A^, which is larger than with the Na variant, but consistent with the 

cations and waters shown. Volume reduction in this case is effected by contraction of 

all three axis (
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a=17.2652(6) Â, b=17.9420(6) Â, and c=7.4102(3) Â at 18’C. a= 16.784(3) 

Â, b= 16.739(3) Â, and c=7.3580(12) Â at 200”C.). Ca migration seen in the Mg 

sample is not witnessed here, which is primarily due to the lack of Mg in this system. 

The change in framework to the heat collapsed form may further hinder any mirror 

plane excursions by minimising the channel widths thus naturally reducing the bond 

distance of Ca to framework O. Perhaps if a Mg ion was introduced into the system 

the effect would be a reduction of symmetry but in the Ca end member only the “heat 

collapsed” form is prevalent. At 300°C, both the a and c axes relax slightly increasing 

the unit cell volume slightly, but overall there is little change to the framework. Table 

3.3.5 shows the change over each of the temperature steps of the Si(Al)-0 bond 

lengths. The average bond length reduces with temperature which is normal with 

dehydration, but as the maximum and minimum bond lengths show, not all bonds 

necessarily shortened. The trend shown by the median bond length is however 

consistent with the actual loss in unit cell volume shown in table 3.3.4C. Although 

there is at first a large reduction in unit cell volume between 18 and 200°C followed 

by the median bond reduction of 1.625 to 1.617Â, there is a slight relaxation and 

subsequent increase in volume by 300°C and an increase in the median bond length to

1.618 Â.
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Table 3.3.5: Si-O bond length changes for the 18,200, and 300 C refinements.

Si-O Bond Length (Â): 18°C 200°C 300°C

Average Bond Length: 1.626 1.619 1.616

Max. Bond Length: 1.655(2) (S il(A ll)-02) 1.665(3) (S il(A ll)-02 ) 1.669(4) (S il(A ll)-02)

Min. Bond Length: 1.595(3) (Si2-05) 1.579(16) (Si2-06) 1.567(2) (Si2-06)

Median Bond Length: 1.625 1.617 1.618
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3.3.6 Sr-Clinoptilolite 18-300 C

At 18°C the framework remains consistently monoclinic C2/m and three Sr 

sites are identified (figure 3.3.6A). The Sri site is in the small 001 channel with usual 

associated waters as identified in the refinement of the Ca exchanged sample at 18“C. 

The Sr2 site is in the larger channel towards the 001 junction, with associated waters, 

on typically a monovalent site, again similar to the results of the refinement of the Ca 

exchanged data. The third site Sr3 is a low occupancy site also within the large 

channel. Sri (occupancy 0.35(2)) has octahedral coordination with 01  (2.71(5) Â) 

and 2 X 0 2  (2.78(3) Â )  of the tetrahedral framework and five waters 4 x 03W  (2.4(9) 

and 2.68(9) Â) and 02W  (2.54(2) A). Sr2 (occupancy 0.33(3)) is surrounded by eight 

waters and bonded to three framework oxygens with the bond lengths:

•  04W  (2,36(2) Â), 06W  (2.43(2) Â), O IW  (2.59(2) Â), 05W  (2.66(2) Â), 4 x 

07W  (2.71(3) and 3.12(3) Â)

• 2 X 0 3  (2.8(3) Â) and 0 9 ( 3 4  3(3) Â)

Sr3 (occupancy 0.08(4)) is in a seven fold coordination of 2 x 0 4  (2.97(2) Â) and 2 x 

0 9  (3.06(13) Â) to the framework and three H2O molecules 2 x 06W  (2.8(4) Â) and 

03W  (3.06(3) Â).

At 200°C, the framework has remained unaltered. However, there is only one 

major cation site; waters and other cations can no longer be identified (figure 3.3.6B). 

Sri is found near the junction of the large and small 001 channels in a typical 

monovalent position identified in the earlier refinements. Sri (occupancy 0.75(1)) has 

a seven fold coordination shell of 2 x 0 9  (2.69(8) Â), 2 x 0 3  (2.96(12) Â), 2 x 0 4  

(3.04(10) Â) and 01  (3.31(18) Â).

At 300°C the framework remains unchanged and the single cation site, Sri, at 

the junction of the small and large 001 channels is still unique (figure 3.3.6C). Sri
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(occupancy 0.59(7)) has a six fold coordination of 2 x 0 9  (2.68(7) Â), 2 x 03  

(2.99(11) Â) and 2 x 0 4  (3.08(9) A). The cation has moved away from 01  which 

reduces the possibility of weakening the framework structure and forming the heat 

collapsed structure.

The Sr framework is the most stable of the three bivalent structures studied 

here, the lack of free roaming Mg negates the problems associated with this cation. 

From 18 -  300°C, the framework remains unaltered with only a small change in unit 

cell volume from 2121.5(15)- 2041 ( 17)-2064.2(3)Â^. As with the other bivalent 

cations most of the volume is lost through dehydration and the contraction of all three 

axes. The relaxation event noted at 300°C involves a slight increase in the a and b 

axes. The main reason that this structure remains stable throughout temperature 

ramping is the size of cation, the high occupancy of the single site, and most 

importantly the framework bonding of the site. The Sri position is on the major site 

for stability in the 001 channel Junction location as seen with both the Cs and K 

refinements. It bonds away from 01 ont o  09 , 0 3  and 0 4 . The combination of these 

three factors provides structural stability for the whole framework from one cation 

site, which has an occupancy of around 0.75(1), leaving only 0.25 to be found 

elsewhere. The deficit in this case might be made up of low occupancy disordered 

sites near the framework such as that seen for the Ca cations in the Mg form. The Sr 

refinement follows the trend for Si-0 bond length changes as seen with Cs, due 

mainly to the high occupancy of the cation site and stability of the framework. The 

average Si-O bond lengths change with the unit cell volume from 18°C to 300°C:

• Unit cell volume 2121.50(15)Â^ - Si-0 average bond length 1.628 A.

• Unit cell volume 2041.00(17)Â - Si-0 average bond length 1.617 A.

• Unit cell volume 2064.24(3)A^ - Si-0 average bond length 1.622 A.
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The bond length changes over the whole temperature range are relatively small and 

the unit cell volume change is not large showing clearly that in this case the bond 

lengths are clearly the cause of the change in volume, as a result of dehydration.
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Figure 3.3.6A: Sr ion exchanged Clinoptilolite at 18°C viewed down the 100 and 001 axis. Sr in

dark green, O in red, and Si in yellow.
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3.4 Discussion and Conciusions

The studies of the dehydration of bivalent and monovalent cation exchanged 

Clinoptilolite samples reported in this chapter have shown that cation type has a great 

effect on the behaviour of the framework. The most obvious result being that there 

are three types of dehydrated framework:

• The Heulandite framework

• The heat collapsed framework

• The triclinic framework

These frameworks are only formed by certain cations during dehydration. At room 

temperature, the Heulandite framework is dominant. At 200°C all three are possible 

and once created which ever framework is adopted remains up to 300“C. The heat 

collapsed form is promoted by Ca and Na cations, a mixed cation arrangement 

containing Mg (but not containing cations of K or larger in size) leads to the triclinic 

form, and the Heulandite framework persists at all temperatures with large cations 

such as K, Cs, and Sr. The heat collapsed form has been identified by previous 

authors^'^ in mixed cation sample of Clinoptilolite and Heulandite. Armbruster et al 

(1993) used a Clinoptilolite sample from Weitendorf, Austria, with a cation content 

of Ca, Na, K, and Mg. Stepwise dehydration of the sample produced the heat 

collapsed framework. Armbruster and Gunter (1991) used a Clinoptilolite sample 

from Succor Creek, USA, and dehydrated it in the same way and again produced the 

heat collapsed form. The sample had a similar cation structure to that used in the 

1993 paper. Hambley and Taylor (1984)^^ completed neutron diffraction studies on a 

natural and dehydrated Heulandite. They suggest that the position of cations and, 

more importantly, the A1 site in the framework play an interrelated role in the thermal
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stability of Clinoptilolite. In the Natural History Museum sample used here the 

S il/A ll or T2 site is the primary location for most of the Al, which is made clear by 

the predominantly longer T-O bonds from that location. The T2 site has been clearly 

identified as being the predominant Al site by other authors'^’̂ ’̂ ’̂  ̂ particularly by the 

computational studies by Channon et al (1998)^^ on Heulandite type zeolites and 

Ruiz-Salvador et al (1998, 1999)’"̂’̂  ̂ on Clinoptilolite and calcium Heulandite 

frameworks.

The thermal stability of the Clinoptilolite framework will depend on the 

amount of Al in the formula unit. For the Natural History sample, the SEM results 

suggest a ratio of 4.5:1 Si:Al content. The greater the amount of Al in the framework, 

the weaker the thermal stability. Further the key stone to the whole stability of the 

framework is the nature of the 01  bonds to the two Sil tetrahedra. Armbruster (1993) 

suggests that in an Al rich sample, Ca (occupancy 3.3) in the eight ring channel will 

be bonded to O l, but in an Al poor sample the Ca will be more inclined to migrate to 

another site such as the junction site between 001 channels. Koyama and Takeuchi 

(1977) suggested that large cations such as K plug the 001 eight ring channel thus 

preventing the collapse in the Heulandite samples. Furthermore, Galli et al (1983) 

dehydrated a K exchanged Heulandite, identifying three K sites in the same positions 

as those identified in this Clinoptilolite study. A high occupancy of 0.65 for the K in 

the 001 eight ring channel maintained the framework structure, even though the 01 

was under bonded due to a high amount of Al (9.3 per formula unit). In our K 

exchanged Clinoptilolite, there is only at most 6 Al per formula unit. The occupancy 

of the K2 site in the smaller 001 channel is 0.4 which follows the criteria suggested 

by Armbruster and so the framework remains stable. One other feature of the 

coordination of our K2 site is that the bond length to O l is the longest at 3.21Â. The
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length of the bond is barely reasonable. The Na2 (occupancy 0.44) and Cal 

(occupancy 0.37) sites in the smaller 001 channels, bond directly to O l and in both 

cases form the heat collapsed framework. Therefore, to extend Armbruster’s criteria, 

it is also the direct bonding of Na and Ca to 01 in this study that has a major effect 

on the framework stability.

Cation bond length in all refinements has compared favorably in all cases 

with the work of published authors. Armbruster and Gunter^ showed that lengths for 

Na were around to 2.6Â with Smyth et al'̂  suggesting lengths up to 2.7Â. Here 

ambient refinements have shown that a range from 2.4 to 2.9Â can be seen for Na 

cations, to both framework oxygens and waters. K cations identified by Armbruster 

and Gunter^ again agree with work by Smyth et al"̂  showing that the bond length 

range for this cation falls in the range 2.9 to 3.2Â. This corresponds nicely with the 

bond length range for the ambient refinement here for K Clinoptilolite of 2.8 to 3.4Â. 

Smyth et al'̂  showed that bond lengths for Cs cations are generally longer to 

framework O than in the K cations with a range from 2.9 to 3.4Â. Again this agrees 

very well with the ambient Cs refinement described earlier in this chapter. Ca cation 

bond lengths described by both Armbruster^ and Smyth"^ show that the length is very 

similer to Na cations. The range is 2.38 to 2.75Â for the Ca cation to waters and 

framework O. This corresponds to the range 2.35 to 2.83Â found here in the ambient 

refinement. Overall agreement was found to be excellent with published values.

Alietti et al (1974)^^ studied both Na and Ca exchanged Heulandite and 

Clinoptilolite and identified that both materials collapse below 200°C. The suggestion 

is that both Na and Ca migrate to similar sites during dehydration, which is closer to 

the junction, except that the size of cations are such that they cannot maintain 

expansion of the channels. However, we have clearly shown that the unit cell
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decreases throughout dehydration and therefore channel expansion cannot take place. 

The issue of size is clearly a factor as cations of a size greater than K do not incur any 

framework alteration, mainly due to the criteria discussed above. In both the Na and 

Ca Clinoptilolite refinements O l and 0 6  are the two major bonds affected in the heat 

collapsed form. O l ’s bond angle to S il/A ll changes from 157 to 137°, causing the 

framework to compensate, and it is the rotational movement of 0 6  that leads to this 

effect. 01  alters the shape of the channels in the A direction and 0 6  in the B 

direction, thus creating the ellipsoidal channel formation.

For the larger atoms K, Cs, and Sr, the Heulandite framework is maintained 

throughout all three temperature ranges. These systems contract the least during 

dehydration (e.g. K refinement 18-200°C, 2122-2100Â^. Na refinement 18-200°C, 

2132-1911Â^). This is primarily due to the stability of the framework caused by the 

cations. Cs cations spread out into a number of low occupancy sites on and off the 

mirror plane during dehydration to allow free migration of waters out of the channels 

at 200°C. Sr at 200°C migrates to the primary site in the larger channel near the 

junction of both 001 channels. This site is the only one that remains at 200 and 

300°C. K^, as with all other cations, migrates to sites closer to the framework and 

junctions to provide stability.

The Mg exchanged material contains Mg, Ca, and Na- a combination which 

should form the heat collapsed structure: but in this case the crystal shears along the 

C plane and the space group changes from monoclinic to triclinic P-1. This 

transformation has never been documented in previous publications. At room 

temperature the Ca sits in its usual position in the small 001 eight membered ring 

channel; Na is found near the junction between the two 001 channels and Mg sits in 

the centre of the large channel and is not bonded to the framework. At 200°C the Mg
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site is unoccupied by Mĝ "̂  ions and can no longer be located. Na has split over three 

sites and migrated closer to the junction bonding to 0 9 , 0 4 , 017 , 013 , and 012, but 

not to 01 . Ca has migrated up into the framework to a single site at the top and 

bottom comers of the small channel. It is this site that has affected the framework 

causing the reduction of symmetry. In particular it causes the distortion and rotation 

of silicon sites surrounding the Ca site. This twisting removes the plane of symmetry 

mnning along the C axis and introduces a step or shear along the same axis. It is 

likely that the migrating Mg also has entered the framework and was the primary 

cause of the Ca migration and subsequent deformation of the framework. It is clear 

that Mg must be the catalyst for the reduction of symmetry as the Ca in the complete 

ion exchanged form produces the heat collapsed state, which is absent here. The 

framework retains the triclinic space group framework at 300°C.

The complex and cation dependent dehydration behaviour of the different ion 

exchanged Clinoptilolites, can be summarised as follows:

• The Heulandite framework formation during dehydration.

o Large cations (=>K) 

o No bonding to 01

o Slight unit cell reduction during dehydration

• The heat collapsed framework formation during dehydration

o Small cations (typically Ca and Na) in the small 001 eight membered 

ring channel, 

o Bonding to 01 . 

o 01  bond angle change, 

o Large reduction in unit cell volume.

• The triclinic framework formation during dehydration
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o Must contain Mg (preferably in the centre of the large channel not 

bonded to the framework), 

o Ca migration to a site near the framework four membered ring 

channel.

The methodology of collecting data at 18, 200, and 300°C, used for these experiments 

has identified the clear differences between monovalent and bivalent cations. The use 

of fully exchanged end members of Clinoptilolite (except Mg) was achieved to allow 

the results of each cation type to be distinguished and understood, which might be 

difficult in natural multi-cation samples. This is also the first study to be completed 

completely under in situ conditions, with no quenching of the samples.

The limitation of these experiments is that the framework transformations 

takes place at temperatures less than 200°C, somewhere around 100°C. An extension 

of this project would be to study a range of temperatures between 50 and 150°C, 

monitoring the evolution of silicon deformation while the transformations take place 

and clearly identifying the cation trigger.
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Chapter 4;

I n  s i t u  High Temperature 

Energy Dispersive X-ray 

Diffraction Study of Ion 

Exchanged Ciinoptiioiite.
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4.0 Summary

This chapter introduces an in situ High Temperature Energy Dispersive X-ray 

Diffraction Study of Ion Exchanged Clinoptilolite end members. The ion exchanged 

cations used are Na, K, Cs, Sr, and Ca. The effects of these cations upon the stability 

of the framework structure is studied as the temperature is increased, focusing on the 

dehydration behaviour and final collapse temperatures of each sample. The unit cell 

parameters are monitored throughout the entire experiment for each ion exchanged 

sample and compared with the other ion exchanged samples and against the in situ 

high temperature single crystal data supplied in chapter 3.

The results suggest that each ion exchanged end member of Clinoptilolite has 

a unique effect upon the framework once dehydration has begun. Larger cations such 

as Cs and K are more stable and therefore have higher collapse temperatures than that 

for cations such as Na and Mg. The unit cell parameter data further corroborates this 

result as the unit cell volume for the larger cations changes little as apposed to Na and 

Mg where large changes in volume occur.
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4.1 Introduction

The characterisation of temperature and cation effects on the framework 

structure of Clinoptilolite during dehydration has been well documented by published 

authors for many natural and a few ion exchanged s a m p l e s p r i m a r i l y  Na and K. 

Previous authors have mainly focused on the temperature range from ambient to 

400°C covering the temperature range consistent to the greatest amount o f water loss. 

The use of Clinoptilolite as a natural vessel for the entrapment of low grade nuclear 

waste will be effected by the temperature of water in which ion exchange will take 

place, typically around 100°C. However, it is the storage after ion exchange that is 

most important to the process of securing the low grade nuclear waste. Dehydration 

of end-members of Clinoptilolite is useful in understanding how unit cell volume 

variations will effect the drums into which it is placed whilst in storage as an effects 

of various temperature conditions. Furthermore, by understanding how cations affect 

the collapse temperatures of various cation types it might be possible to improve the 

storage potential of Clinoptilolite by creating a cation specific sample that after ion 

exchange could then be collapsed trapping the radioactive cations within the 

amorphous remains. A further concern of companies such as BNFL is the effects of 

cations such as Mg which line the Uranium rods will affect the framework of 

Clinoptilolite when they need to be safely removed and stored. In the last chapter a 

cation such as Mg can have dramatic effect on the framework which during ion 

exchange and subsequent storage may have consequences that need to be dealt with. 

Here is described the first ever study of lattice parameter changes as a function of 

temperature for different end-members of Clinoptilolite using the Energy Dispersive 

X-ray Diffraction technique (S-EDXRD). The two primary objectives of this study
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are to identify collapse temperatures for each of the ion exchanged Clinoptilolite 

samples and secondly to study the effect of temperature and dehydration upon the 

lattice parameters for each sample.
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4.2 Methodology

The experiments in this chapter of the thesis were completed at two sites, the 

Daresbury SRS, Runcorn and at Birkbeck College London. All S-EDXRD data were 

collected on Station 16.4 at Daresbury SRS and the L-EDXRD (L-EDXRD) data 

were collected at the Materials Science Laboratory (MSL) also at the Daresbury SRS. 

Post processing and analysis of the data were completed at the Royal Institution of 

Great Britain.

Natural powder Clinoptilolite samples were ion exchanged for two months at 

room temperature in a salt solution with a ratio of 1 mole Clinoptilolite to 1 mole 

cation chloride. 2g of raw natural Clinoptilolite sample was used in each ion 

exchanged sample. The monovalent (Na, K, Cs) samples were then placed in 

hydrothermal cell at 170°C for two weeks changing the solution twice a week. The 

bivalent cation (Sr, Mg) samples were placed into a water bath for two weeks at 

90°C, again changing the solution twice a week. All samples were then washed in 

two litres of de-ionised water and filtered to remove as much of the remaining 

chloride solution as possible. The final dried samples were tested on an energy 

dispersive SEM elemental analysis probe (see chapter 2) at Birkbeck Geology 

department. The final elemental compositions were:

• Na6 Alô Siso HzOx

• K5 Mgo.3 Feo.3 Alô Si3o H2OX

• Cs6 Alô Si3o H2OX

• Mg2 Cao.5 Na, AL Si3o H2OX

• Sr,.5 Nai.34 Ko.3 Mgo.5 AL Si3o H2OX
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Once exchanged these samples are then used for both the S-EDXRD experiment and 

L-EDXRD comparison experiments. For both the S-EDXRD and L-EDXRD 

experiments a 13mm pellet is pressed with the average weight of powdered sample 

being of the order of 150mg. The samples for both the S-EDXRD and L-EDXRD 

experiments are placed in the centre of a high temperature furnace, a schematic 

representation for the 16.4 experimental set up shown in figure 4.2. Calibration of the 

S-EDXRD detector as described in chapter 2 was completed with the aid of a 

radioactive dial source and a pure gypsum pellet of similar dimensions to that of the 

Clinoptilolite samples scanned under ambient conditions for 300 seconds. The 

furnace design for 16.4 incorporates a vertical loading system where the sample is 

lowered in to the furnace chamber. The S-EDXRD experiment is truly in situ with a 

pattern being collected every 120 seconds whilst the furnace temperature is 

continually ramped at around 7°C per minute towards the collapse temperature. The 

L-EDXRD diffraction set up is subtly different in that a 120° solid-state detector is 

used in a vertical position, which means that the sample is loaded horizontally as 

apposed to vertically in the S-EDXRD furnace. The sample is ramped to a set 

temperature, which is every 50°C, and held for the duration of the scan typically 120 

seconds. The temperature ramp rate between scans for the L-EDXRD is kept 

consistent with the rate for the S-EDXRD experiments. A pure silica sample was 

used as the calibrant for the L-EDXRD detector.

The experiments on both machines was split into 4 temperature sections; a 

ramping phase to 600°C, a cooling phase back to ambient, a second ramping phase to 

collapse temperature (As defined for each cation from earlier temperature trials) and 

a final cooling phase. As the ramping phases are the only sections to have linear steps 

in temperature throughout the experiment it is only these sections that are recorded.
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Logging of cooling temperatures with each spectra is possible, but is not available on 

station and therefore could not be achieved. The first ramp to 600°C covers the total 

dehydration period for Clinoptilolite zeolite. As dehydration effects have different 

consequences on the framework depending on the types of cations present. The first 

ramp records these effects as a function of temperature/ time, and more importantly, 

as evidence of the global effect on the framework as a result of cation type. The 

second ramp is used to identify if effects caused during dehydration in the first ramp 

are reversible and further to discover if during the first ramp, all negative thermal 

expansion effects identified during dehydration of the zeolite, are in fact a result of 

dehydration alone or if the zeolite reduces in volume as a natural result of framework 

contraction during heating. The second ramp is a longer ramp terminating at a 

minimum of 1000“C. The high temperature is needed to identify the approximate 

collapse temperature of the framework structure. These have been previously 

identified by pilot experiments on station 16.4 at Daresbury SRS leading up to the 

final experimental result. The collapse temperature does seem to vary as a result of 

cation type, however, the reproducibility of the originally experiments was a concern 

until all data collection were concluded.

4.2.1 Furnace Details

The furnace is made from an aluminium cylindrical shell with ceramic inserts 

within which the heater cage and sample are housed (figure 4.2.1). The incident 

synchrotron beam enters a narrow ceramic tube through a thin layer of insulating 

aluminium at one side of the cylinder and travels towards the centre of the cylinder 

where the sample is mounted. The 13mm sample pellet is mounted in a ceramic
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cradle with a hole through the ceramic (figure 4.2.1). Alumina poles attach the cradle 

to an aluminium block, which is packed with insulating glass wool. A K-type 

thermocouple passes down the centre of the assemblage right down to the sample 

where the sensitive nib is seated directly on the top of the sample. The whole sample 

cradle assemblage slides into the top of the cylinder where the block locks into a slot 

at a specified height sitting the sample directly central to the furnace within the heater 

cage. The heater cage has a ceramic upper and lower with 2 bore alumina rods 

joining them. 0.5mm Kanthol wire is fed through the boreholes until all are threaded. 

The two trailing wires have ceramic beads placed around them and are fed out of the 

furnace to an external power block. Once the synchrotron beam hits the sample the 

diffracted X-rays (In transmission geometry) are able to pass through a small exit 

aperture. The ceramic here widens vertically from the centre at 15° above the central 

axis and 2° below. The passage again has a thin layer of aluminium closing the 

passage for insulation. Around the outside fins have been turned into the aluminium 

and through the fins are fed copper tubing. This tubing surrounds the whole 

circumference of the furnace and act as water cooling pipes. The furnace is mounted 

on an X/Y stage, which in turn is mounted on a lab jack for height adjustments. A 

programmable eurotherm controller monitors the temperature within the furnace and 

adjusts the power from a variac to the furnace. The controller also controls the ramp 

and adjusts the temperature within +- 1°C.
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4.2.2 Data Analysis

The raw data files from both the S-EDXRD and L-EDXRD experiments were 

converted to .cpi format using the DLconverter program^, and all refinements were 

completed using a Le Bail fit in the Rietica structure solution program^. The type of 

fits given between the observed and theoretical data was good for all data sets and 

figure 4.2.2 shows examples of S-EDXRD spectra from the Rietica program. The 

original model for each of the samples for refinement was taken from the single 

crystal data files from chapter 3. The single crystal data was used as the original 

models as they are accurate and they cover part of the ranges under investigation and 

so can be used to verify the data.

Figure 4.2.1: Schematic diagram of the furnace set-up on station 16.4 at Daresbury SRS.
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Figure 4.2.2 A-D: Example EDXRD refinement diagrams for K exchanged Clinoptilolite for S- 

EDXRD and L-EDXRD experiments.

A: K exchanged Clinoptilolite at ambient temperature (S-EDXRD data).
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B: K exchanged Clinoptilolite at collapse, 950°C (S-EDXRD data).
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C: K exchanged C linoptilolite at ambient temperature (L -E D X R D  data).
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D: K exchanged Clinoptilolite at collapse, 950°C (L-EDXRD data).
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4.3 Results

The results section has been split into three sections. The first section is a 

study of the effect of cation type on the collapse temperature. The second section 

discusses the correlation between the S-EDXRD data and the L-EDXRD. The third 

section describes in more detail the effect of dehydration on the unit cell as a result of 

different ion exchanged cations in the Clinoptilolite samples.

4.3.1 Collapse Temperatures of Different Ion 

Exchanged Cllnoptilolites.

Figures 4.3.1 A and 4.3. IB are two dimensional contour plots of 10/d against 

temperature (°C) for each of the five samples, firstly covering the dehydration period 

from ambient to 600°C, and secondly from ambient to collapse. The ramping 

program was split into two sections to identify if volume reduction is due to 

dehydration alone or in combination with a negative thermal expansion effect.

Na exchanged Clinoptilolite across the dehydration period to 600°C exhibits a 

shift in peaks between 70 and 200°C to a higher 10/d spacing before settling to a 

constant peak position (figure 4.3.1 A). This shift is associated with the change in 

framework described in the last chapter to the heat collapsed form. The reduction in 

unit cell and subsequent framework transformation due to dehydration naturally shift 

the peaks.

The K exchanged (figure 4.3.1 A) Clinoptilolite exhibits only a slight shift in 

the peaks across the same temperature range as that described for the Na form. 

However, the framework remains stable and therefore the shift is extremely slight. 

The Cs exchanged Clinoptilolite is predominantly washed out due to the K al and
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Kpl fluorescence peaks appearing at 2,25 and 2.6 10/d (figure 4.3.1 A). These peaks 

are extremely intense and remain constant in energy and therefore position 

throughout the whole temperature range. The low intensity diffraction peaks in light 

blue remain constant also except for slight shift between 70 and 200°C due again to 

dehydration and reduction of the unit cell. The Mg (figure 4.3.1 A) exchanged 

Clinoptilolite exhibits a constant shift in diffraction peaks from 50°C up to 200°C. 

This strong shift is due to the transformation from the monoclinic framework to the 

triclinic framework described in chapter 3. The Sr exchanged Clinoptilolite (figure 

4.3.1 A) is very similar to the Cs form in that it is predominantly washed out, which is 

due to the K al peak at 1.3 10/d. Again the low intensity diffraction peaks in light 

blue, as with Cs, remain reasonably constant with little change with dehydration. The 

second ramp to collapse illustrated for each of the exchanged samples in figure 

4.3.IB also covers the dehydration period except in this case the sample has been 

cooled from 600°C over the space of an hour before reheating.

As with the first run the Na sample shows the distinct peak shift early on and 

post peak shift the diffraction peaks remain constant to collapse which is around
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Figure 4.3.1 A: Ion exchanged Clinoptilolite samples heated across the dehydration period. A: Na 

exchanged Clinoptilolite sample 50-600°C. B: K exchanged Clinoptilolite sample 60-600°C. C: Cs 

exchanged Clinoptilolite sample 50-600°C. D: Mg exchanged Clinoptilolite sample 50-600°C. E: 

Sr exchanged Clinoptilolite sample 90-600°C.
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Figure 4.3.1B: Ion exchanged Clinoptilolite samples heated across the dehydration period to 

collapse. A: Na exchanged Clinoptilolite sample 80-1020°C. B: K exchanged Clinoptilolite 

sample 100-1 lOO C. C: Cs exchanged Clinoptilolite sample 50-1050°C. D: Mg exchanged 

Clinoptilolite sample 60-1020 C. E: Sr exchanged Clinoptilolite sample 90-1050 C.
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850°C. The return o f the peak shifts in this run show a reversal of the heat collapsed 

transformation identified in the single crystal structure in chapter 3. The loss of 

diffraction peaks at this temperature represents collapse and the broad intense patch 

beyond 850°C represents the amorphous phase post collapse. The K sample shows no 

shift at the lower temperatures, the diffraction peaks remain constant to collapse at 

900°C. Again the broad patch of intensity representing the amorphous hump is 

present beyond collapse. Cs exchanged Clinoptilolite shows no sign of collapse up to 

1050°C. There are signs o f diffraction peaks terminating towards 1050°C, which 

suggests that collapse is imminent and will appear in a manner similar to those seen 

in the K and Na samples. Mg exchanged Clinoptilolite on the second run display the 

peak shift identified earlier though it is less pronounced in this second run. This 

suggests a reverse of the transformation from triclinic back to monoclinic structure, 

which is possible with partial re-hydration causing the migration of cations back to 

ambient positions. At ~800°C the collapse event takes place and the familiar 

amorphous lump appears. The Sr sample reacts in a similar manner to the first run in 

that there is little movement of diffraction peaks. The collapse event takes place 

around 850-870°C followed by the amorphous event seen in the other samples. The 

continuation of the Sr fluorescence peaks throughout the amorphous event is also 

evident (figure 4.3. IB).

The cation size and charge have a distinct effect on the structural stability of 

the Clinoptilolite framework and is clearly evident in the figures.
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4.3.2 A Comparison of the S-EDXRD and L-EDXRD 

Data.

Figure 4.3.2 A shows snapshots of sample refinements at ambient and at 

collapse for S-EDXRD and L-EDXRD data. Figure 4.3.2 A and B show typical S- 

EDXRD patterns collected on station 16.4 for a K exchanged Clinoptilolite at 

ambient and at 950°C (showing amorphous collapse phase). Figures 4.3.2 D-G are 

the patterns collected by the L-EDXRD for the Mg exchanged Clinoptilolite at 

ambient, 850°C, and 950°C. The S-EDXRD data has little background, well defined 

peaks and strong counts for the ambient Mg exchanged data (figure 4.3.2 A). The L- 

EDXRD data has a larger background, less well defined peaks and spurious points 

within the ambient Mg exchanged data (figure 4.3.2 C). Both methods clearly 

identify the amorphous collapse event (figures 4.3.2 B and D) and the L-EDXRD 

after reaching 950°C shows the formation of a tridymite phase (figure 4.3.2 E).
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Figure 4.3.2 A-E: Comparison of refinement diagrams for Mg exchanged Clinoptilolite for S- 

EDXRD and L-EDXRD experiments at ambient and at collapse.

A: M g exchanged Clinoptilolite at ambient temperature (S-EDXRD data).
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B: Mg exchanged Clinoptilolite at collapse, 800°C (S-EDXRD data).
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C; Mg exchanged Clinoptilolite at ambient temperature (L-EDXRD data).
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D: M g exchanged C linoptilolite at collapse 850°C (L -E D X R D  data).
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E: Mg exchanged Clinoptilolite at tridymite formation, 950“C (L-EDXRD data).
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4.3.3 An I n s i t u  High Temperature Study of the Effects 

of Cation Type upon the Unit Ceii of Ciinoptiioiite.

The effect of different ion exchanged cations upon the framework structure 

has been well documented at the beginning of this chapter. The first section has 

illustrated the effects of dehydration behaviour and collapse temperature of 

Clinoptilolite as a result of cation composition. In this section the effects of cation 

type on the unit cell of Clinoptilolite, both across the dehydration period of a fully 

hydrated sample and ramping to collapse temperatures as described in the last 

section. The diffraction patterns collected on both the laboratory and synchrotron 

EDXRD equipment were inputted into the Rietica software where a Le Bail fit was 

applied to the patterns to give cell parameter changes with respect to a change in 

temperature. The large amount of data processed, on average 100 spectra or more of 

collected patterns per ion exchanged sample, cannot be shown in detail here. The 

estimated standard deviations associated with each refined parameter (A, B, C, and P) 

for the Le Bail fits for all ion exchanged samples varied little between techniques. 

The higher the temperature the larger the ESD found due primarily to the lack of 

diffraction peaks as crystallinity is lost. The ESDs for each parameter across every 

experiment fell in to the ranges described below:

• Parameter a: 0.0006 to 0.0185

• Parameter b: 0.0010 to 0.0325

• Parameter c: 0.0004 to 0.0614

• P angle: 0.0047 to 0.1443

The relatively low ESD values found show that the Le Bail fits, certainly at lower 

temperatures than at higher ones, are relatively good.
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4.3.3.1 K exchanged Clinoptilolite

The K exchanged Clinoptilolite sample represents clearly in both the S- 

EDXRD (figure 4.3.3.1 A) and the L-EDXRD (figure 4.3.3.IB) data the stability 

throughout both runs towards collapse. All three parameters during first run across 

the dehydration period show very little change in the S-EDXRD data:

•  S-EDXRD a parameter trend: 60"C-17.394(4)Â, 100”C-17.325(3)Â, and 550‘C- 

17.321(5)Â (Figure 4.3.3.1A A).

•  S-EDXRD b parameter trend: 60’C-17.868(2)Â, 300"C-17.715(1)Â, and 600’C- 

17.705(6)Â (Figure 4.3.3.1A B).

•  S-EDXRD c parameter trend: 60°C-7,405(2)Â no further distinct change to 600’C 

(Figure 4.3.3.1A C).

On the second run to collapse, again both experiments correspond showing very little 

change in the unit cell:

• S-EDXRD a parameter trend: 100°C-17.332(3)Â, 150"C-17.318(6)Â, 925°C- 

17.225(4)Â, and 1000‘C- 17.773(8)Â (Figure 4.3.3.1A A).

•  S-EDXRD b parameter trend: 100"C-17.823(3)Â, 300"C-17.734(3)Â, 700’C- 

17.734(5)Â, 850’C-17.871(4)Â, and 925’C-17.755(3)Â (Figure 4.3.3.1A B).

• S-EDXRD c parameter trend: 100’C-7,39(1)Â, no change until after 850"C, and 

970'C-7.722(6)Â (Figure 4.3.3.1A C).

The p angle for both runs, identified in the S-EDXRD datasets changes very little and 

the amount of change is very similar in all runs. The small amount of change shown 

by all parameters is represented in a unit cell volume change of only 35Â^ for the first 

S-EDXRD run and for the second run a unit cell volume change of 35Â^ (Figure 

4.3.3.1A E). At the end of the S-EDXRD data there is a massive increase in unit cell 

volume which is primarily due to the lack peaks in the refinement causing a lack of
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correlation between the observed and calculated models.

The L-EDXRD unit cell parameter data for both the ambient to 600°C and ambient to 

collapse is shown in figure 4.3.3.IB A-E. All three axes during first run across the 

dehydration period show very little change in the L-EDXRD data:

• Rotating anode a parameter trend: 20°C-17.021(2)Â, 150°C-17.313(2)Â, and 

600°C-16.962(4)Â (Figure 4.3.3.1B A).

•  Rotating anode b parameter trend: 20’C-18.02(1)Â, 150“C-17.703(3)Â, and 

500’C-17.625(3)Â (Figure 4.3.3.1B B).

• Rotating anode c parameter trend: 20"C-7,393(2)Â, 100'C-7,410(2)Â, and 600°C- 

7.421(3)Â (Figure 4.3.3. IB C).

On the second run to collapse, as with the first run, there is very little change in the 

unit cell:

• Rotating anode a parameter trend: 50°C-17.034(1)Â, 450°C-16.873(6)Â, and 

900°C-18.880(5)Â (Figure 4.3.3.1B A).

• Rotating anode b parameter trend: 50°C-17.453(1 )Â, 200°C-17.636(3)Â, and 

950°C-17.474(3)Â (Figure 4.3.3.1B B).

• Rotating anode c parameter trend: 50°C-7.273(4)Â, 100°C-7.437(3)Â, 300°C- 

7.413(4)Â, and 950”C-7.381(8)Â (Figure 4.3.3.1B C).

The p angle for the L-EDXRD datasets changes very little and the amount o f change 

is very similar in both runs. The small amount of change shown by all parameters is 

represented in a unit cell volume change of only 45Â^, with a change of only 31Â^ in 

the second run (Figure 4.3.3. IB E),

The results from both EDXRD techniques have correlated well. The general trend in 

unit cell parameters is seen in both figure 4.3.3.1A and 4.3.3.IB. The initial decrease 

at the start of each run is due to dehydration and is seen in both datasets. However, at
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the end o f the S-EDXRD collapse runs there is a large increase in the a, c, and P 

angle parameters which is not seen L-EDXRD data. The lack of peaks near collapse 

is the most likely cause of error at higher temperatures. Overall there is good 

correlation between both techniques for the K exchanged Clinoptilolite sample. For 

the other exchanged samples there is only limited correlation between the S-EDXRD 

data and the L-EDXRD data. The lack of correlation as yet cannot be explained both 

methods were completed under similar conditions and with proper calibrations. 

Future work will need to be under taken to understand this problem.
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Figure 4.3.3.1A: S-EDXRD K exchanged Clinoptilolite unit cell parameters. A: a parameter. B:
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4.3 3.2 Na exchanged Clinoptilolite

Figure 4.3.3.2A-E shows the a, b, and c, parameters, p angle, and volume for 

the Na exchanged Clinoptilolite sample. The first dehydration run shown in black in 

figure 4.3.3.2 shows a clear trend over the first 300°C which is in clear agreement 

with the peak shift associated in the last section and more importantly the heat 

collapsed framework transformation seen in the single crystal data of chapter 3. The a 

parameter has a steep decline in length of 0.2Â from 50-250°C and this is closely 

shadowed by the b parameter which also declines rapidly from 17.871(2) to 

17.356(4)Â between 50-325°C. After the initial decline both a and b parameters 

recover and gently increase to 600°C, but gain only 0.075Â. The c parameter has an 

initial rise of around 0.01Â before dropping 0.07Â by 225°C. In a similar manner to 

both the a and b parameters after 225°C there is a slight increase in length to 600°C. 

The p angle has a profile with two distinct steps across the first 600°C. The first step 

represents a change from a steep decline to a gentle recovery. Figure 4.3.3.2 shows 

that from 50 -150°C the angle changes from 113.892(2) to 113.625(3)°. After a slight 

recovery shown in figure 4.3.3.2D at 500°C it falls to the lowest angle o f 113.575(2)°. 

The total effect in decline of both the parameters and p angle upon the unit cell is a 

total volume loss from 50-300°C of 105A^, with the following recovery only making 

up 15Â^ to 600°C.

The second run ramping to collapse temperature, also covering the dehydration 

period, begins with a total unit cell volume 20Â^ less than that in the first run. This 

suggests only partial re-hydration of the sample. In this run the parameters show a 

reduction:

• a parameter length falls from 17.315(3)-17.101(6)Â between 80-200°C.

• b parameter length falls from 17.781(2)-17.325(4)Â between 80-280°C.
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• c parameter length falls from 7.415(3)-7.387(7)Â between 80-200°C.

The p angle reduces from 80-150°C in a similar fashion to that described in the first 

dehydration run. The total unit cell volume loss between 80-275°C is 95Â^ this 

represents a drop from 2285-2190Â^. As with the first run all three parameters 

undergo recovery and in this case the recovery lasts until around 800°C. After 850°C 

the volume increases to 2320 Â  ̂ this volume increase is probably not a true 

reflection of volume changes near collapse due primarily to the lack of refineable 

peaks at high temperature.
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4.3.3.S Cs exchanged Clinoptilolite.

The Cs exchanged sample behaves similarly to the K exchanged sample in 

that the framework is very stable throughout both runs and towards collapse. All 

three parameters show a small shortening in length associated with dehydration in 

both the first and second runs. The S-EDXRD datasets shown in figure 4.3.3.3 

illustrate the stability of framework. There is only a slight reduction in length, the 

greatest reduction being found along the a parameter in the S-EDXRD data. The p 

angle shows variation between methods, increasing in the first run of the S-EDXRD 

data. In the case of the S-EDXRD first run data the p angle changes 1.65° from 

113.55(3)° to 115.22(2)°, with the second run of the S-EDXRD data showing a P 

angle increase from ambient to 920°C, a change from 113.82(2)° to 115.23(6)°, 

before dropping to 115.25(5)° at 1020°C. Collapse was not evident in this dataset. 

The shortening of the a parameter accounts for most of the unit cell volume change 

identified. The volume in the first run of the S-EDXRD data reduces from 2284Â^ to 

2248 over the 600°C temperature range, a change o f 36 Â^, while in the second 

run there is a similar change over the maximum period of volume loss up to 170°C, 

with a change of 25Â^ for the first run and 2 1 . 5 change in the second.
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4.3.S.4 Mg exchanged Clinoptilolite.

The Mg exchanged sample is similar to the data of shown in the Na 

exchanged S-EDXRD results. All three parameters have similar trends shown in 

figures 10, with most of the change in parameters occurring in the first run:

• S-EDXRD a parameter trend (Reduction): 50°C-16.773(2)Â to 600°C- 

16.551(3)Â, a change of 0.22Â.

• S-EDXRD b parameter trend (Reduction): 50°C-18.072(4)Â to 600°C-17.599(8), 

a change of 0.5Â.

• S-EDXRD c parameter trend (Reduction): 50°C-7.394(1)Â to 600°C-7.153(8)Â, a 

change of 0.25Â.

The S-EDXRD second temperature run in figure 4.3.3.4 shows a larger change in 

both a and b parameters, with c changing very little. The a parameter decreases with 

temperature from 17.032(1 )Â to 16.679(2)Â, the b parameter decreases from 

18.891(3)Â to 16.75(1)Â with an increase with temperature. The trend for the c 

parameter in the first run of figure 4.3.3.4 is one of a small decrease in with a rise in 

temperature. However, for the second run given in figure 4.3.3.4, the S-EDXRD 

results present an increase in parameter length from 6.89(2)Â to 7.28(4)Â, which 

would relate to the single crystal results of a shearing along the monoclinic c 

parameter, which creates the triclinic form. The p angle on the first run, only incurs a 

small decrease over the temperature range. However, the second run S-EDXRD 

results for the p angle decrease with an increase in temperature. The use o f high 

temperature single crystal unit cell volume results suggest that the volumes given by 

the S-EDXRD experiments are accurate.
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4.4 Discussion

Below the results of these studies are discussed in the light of current relevant 

literature. The dehydration and collapse diagrams (figures 4.3.1 A and B) show a 

direct link between cation size and charge with thermal stability. Mumpton (1960)^ 

suggested that the difference between Heulandite and Clinoptilolite could be 

determined if a samples framework structure did not collapse after an overnight 

heating at 450°C. If collapse was evident Heulandite would be assigned and if stable 

Clinoptilolite. The increased structural thermal stability associated with Clinoptilolite 

was further studied by Boles (1972)"  ̂and he proposed that based on Mumpton's work 

that to define a true Clinoptilolite it should have an Si/Al ratio greater than 4, less 

than 4 and Heulandite should be assigned. Boles (1972) also commented that the 

number of divalent cations per unit cell had an effect on the framework stability. 

However, neither of these studies have looked at the collapse temperatures of 

different cation end-members. All the authors mentioned thus far have shown that 

different cation end-members effect the structure with dehydration. However, early 

work by Mumpton (1960) and Boles (1972) clearly could be misinterpreted 

depending on the cation content of the sample. The work shown in this chapter 

clearly illustrates that cation type effects the collapse temperature of the sample. The 

monovalent cations show a distinct trend in collapse temperatures based on the size 

of cation. Na is the smallest cation and collapses the earliest at 850°C, K the next 

largest collapses at 900°C, and Cs the largest cation in this study has not collapsed in 

the diagram but the trend suggests it will around 1050°C, which appears to contrast 

earlier preliminary work (completed on station 16.4) where higher collapse 

temperatures were observed of the order of 100°C as shovm in figures 4.4 A-C. This 

apparent contrast derives from the fact that there is no first dehydration run associated
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with the preliminary experiments. Collapse was achieved in the first run and showed 

that collapse in this case takes place around 100°C higher than described in this study. 

The first run in this study dehydrates the sample and only a partially hydrated sample 

is heated in the second run after transformations have occurred in the first run. This 

causes weakness in the framework that becomes apparent in the form of an early 

collapse. Shepherd and Starkey (1966/ reported that Na and K end-members were 

found to be more stable than natural Clinoptilolite samples and Aletti et al (1974/ 

also looked at these end members and found the K end-member to be more stable 

than the Na end-member.

Bish (1984, 1988)’’'® studied the effects of thermal expansion, contraction, 

and dehydration, using TGA, DSC, and in situ high temperature XRD up to 350°C 

for Clinoptilolite. He noted that crystal structure was sensitive to cation type and 

relative humidity. Also the dehydration behaviour also depends on the chemical 

species of the exchanged cation. Bish (1984) studied the changes in lattice parameters 

of 6 natural and 3 cation exchanged (Ca, K, Na) Clinoptilolites as a function of 

temperature. The work was completed under vacuum from room temperature to 

300°C. The samples used had Si/Al ratios greater than 4 and therefore Bish surmised 

that any volume changes must be due primarily to the cation type and not framework 

related. He identified that Na underwent the largest volume decrease and that the K 

exchanged sample had the smallest volume change. The Na exchanged sample in 

Bish’s study decreased dramatically between 50 and 100°C down both the a and b 

parameters. This relates very well with the results for the Na exchanged sample 

presented here for the S-EDXRD. There is also correlation between the K exchanged 

sample in Bish’s study and that described here. Bish’s samples contracted primarily 

down the b parameter and this also agrees with the results represented earlier in the
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figures, except in the case of Cs. The Cs exchanged sample in this study undergoes a 

dehydration event similar to that found with the Na exchanged sample. The 

contraction of both a and b parameters is smaller than that seen with the Na 

exchanged sample but the larger size of the Cs cation, its migration, and the loss of its 

large solvation shell, cause the framework contraction identified. The relative 

changes in lattice parameters identified in this study like those in Bish’s are similar to 

those found in the crystal structure refinements in chapter 3 and those published 

previously by other authors (Galli et al (1983)’‘, Smyth et al (1990)’ ,̂ Koyama and 

Takeuchi (1977)’ ,̂ Armbruster and Gunter (1991, 1993)’"’ ’̂ , and Merkle and 

Slaughter (1968)'^) examples given in table 4.4. The P angle in the study presented 

here generally decreases with temperature and 

Table 4.4: Examples of published and previously completed unit cell values for Clinoptilolite.

Author; a  (A) 6(A) c(A) P(”) Volume(A^)

Smyth and Spaid (1990) Cs 

exchanged Clinoptilolite

17.692 17.945 7.404 116.36 2106.23

Armbruster (1993) Natural 

Clinoptilolite ambient

17.622 17.895 7.399 116.45 2333.24

Armbruster 200°C 17.61 17.456 7.360 116.77 2262.47

Chapter 3: Na Ambient 17.403 18.012 7.435 113.812 2132.2

Chapter 3: Na 300'C 17.009 17.003 7.399 114.733 1943.53

Chapter 3: K Ambient 17.42 17.974 7.413 113.919 2121.68

Chapter 3: K 300°C 17.116 17.616 7.316 113.080 2029.32

Chapter 3: Cs Ambient 17.43 17.98 7.44 113.83 2133.21

Chapter 3: Cs 300°C 17.17 17.683 7.456 113.27 2079.62

Chapter 3: Mg Ambient 17.313 18.038 7.424 113.743 2122.07

Chapter 3: Mg 300°C* 7.365 12.247 12.332 72.7 1020.96

*Mg 300°C sample is triclinic. The a  and Y angles are 80.29° and 75.05'
respectively.
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is found in the region of 113-114°. This is smaller than is generally refined by 

previous single crystal studies which suggest angles around 116-117° and further the 

p angle generally increases in all other studies and this is in contrast to this study. 

Here only the Cs sample has a p angle that increases with temperature. The general 

trend seen throughout both runs is a shortening in length of all three parameters 

during the major dehydration event up to 350°C, followed by a slight recovery in 

length towards collapse. Bish (1988, 1997)^°’̂  ̂ studied the effects of composition on 

the dehydration behaviour of Clinoptilolite and Heulandite. The results of the three 

monovalent samples (Na, K, Cs) show that the Na exchanged sample takes longer to 

dehydrate finishing around 350°C, while the K sample finishes dehydrating around 

300°C, and the Cs sample dehydrating around 280°C. The Mg exchanged sample has 

two steps before reaching a fully dehydrated state, around 550°C, before reaching 

equilibrium. The TGA results of Bish (1988) match the unit cell volume declines 

identified in the first runs and to some extent in the second runs. The Na exchanged 

sample for the first S-EDXRD run has its lowest point at 340°C and for the second 

run its 275°C. For the K exchanged sample the first S-EDXRD run has its lowest 

point at 240°C and for the second run its 275°C. For the Cs exchanged sample the 

first S-EDXRD run the steepest part of the curve ends at 180°C and for the second 

run its 200°C. The Mg exchanged sample has two changes in gradient o f the graphs 

curve, which is in relation to the TGA by Bish. The first change is at 200°C and the 

second is at 550°C. The heat collapsed framework transformation as described in 

chapter 3 and the associated Na cation migrations are the root cause for the great 

volume change in this sample. The Mg exchanged sample may transform to a triclinic 

space group, but there is no reduction in channel size as described in the last chapter, 

there is only a shear or step in the direction of the monoclinic c parameter. The K
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exchanged Clinoptilolite sample shows little change and this is associated with the 

stability of the framework and this is also the case in the Cs exchanged sample. Bish 

(1988, 1996)*^’̂  ̂ raises a very relevant point with respect to unit cell volume 

reduction at the start of each run. He suggests that the volume decrease is controlled, 

in a large part, by the hydration energy of the cations. The TGA results show distinct 

differences between dehydration behaviours of different cations. He states that K 

dehydrates more easily than Na, and that Na dehydrates much more easily than Ca. 

The enthalpy of hydration for each cation reflects this:

• Na = -400KJ/ mole.

• K = -320KJ/mole.

• Ca = -1580KJ/mole.

This trend shown by Bish’s TGA results correlate well with the unit cell volume loss 

seen early on in the runs. Cs Clinoptilolite would have a lower enthalpy of hydration 

than both K and Na, while Mg cations would have a much greater value than that 

seen for the monovalent cations.
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Figure 4.4 a, b, and c: Three 2D intensity stacked plots for a. Cs exchanged Clinoptilolite, b. K 

exchanged Clinoptilolite, and c. Na exchanged Clinoptilolite.
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4.5 Conclusions

The use of EDXRD data for the deduction of unit cell variations with 

temperature has proved to be successful and the rotating anode data provided 

clarification of accuracy, which in most cases was good. Both datasets provided a 

resource that could be judged, with known single crystal data, to define the quality of 

the technique. The results suggest that the EDXRD experiments gave the most 

accurate results and that the rotating anode provided inconsistent results. The poor 

resolution of the EDXRD technique will always hinder the accuracy of the results 

attained. With a good starting model it is possible to achieve workable results that are 

not just “ball park”, but are quite accurate. The identification and understanding of 

the early dehydration events of the ion exchanged Clinoptilolite samples has clearly 

shown that each cation has its own dehydration behaviour. The earlier a sample 

dehydrates the greater the structural stability at higher temperatures. Cations such as 

Na, Sr, and Mg, collapse earlier when compared to K and Cs which dehydrate 

quickly and migrate earlier to positions of stability within the framework, before 

relying solely on there size to provide structural stability at higher temperatures. 

Clearly size does matter in the monovalent case and the charge of cation effect the 

structural stability of Clinoptilolite framework structure. Obviously a charged 

cation will have half the number of cations in a unit cell to single charged one. This 

produces instability as there are not enough cations to act in support to the framework 

at higher temperatures. Large monovalent cations such as Cs provide the best support 

to the framework while cations like the bivalent Mg collapse at much lower 

temperatures.

Most of the unit cell volume loss occurred along the h parameter in all the 

refinements (except in Cs) and in most cases the c parameter varied little. The beta
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angle in most cases reduced, which is in contrast to published work on the subject. 

The primary models for the unit cell refinements, the single crystal results in chapter 

3, are sound. However the lower p angle seen is a result o f the sample and not 

refinement error. Therefore the p is correct to the model if  not to published data. 

Further, the fact that p reduces in nearly all samples and yet in published data they 

increase may be a factor of the collection method. Published data is generally heated 

and then quenched to lOOK prior to collection, unlike in both this study and the 

chapter 3 study where collection was completed insitu at temperature. It is possible 

that the 116° p value seen in the published studies are in fact caused in the quenching 

of the sample and not seen in this insitu dataset.

Unfortunately the question of whether or not there is any negative thermal 

expansion effects involved with Clinoptilolite has not been answered. The amazing 

ability of Clinoptilolite to re-hydrate quickly unfortunately made it difficult to 

monitor. Bish (1984) noticed a similar problem with his own experiments, “the 

ability of the Clinoptilolites to rehydrate upon cooling in a vacuum appears related to 

the presence of Ca, an ion with a considerably greater hydration energy than that of K 

or Na. Apparently enough water molecules are present even in a 0.1-torr atmosphere 

to re-hydrate heated Clinoptilolite”.

The work described here demonstrates just a few of the wide range of 

experimental possibilities open to experimenters with EDXRD methods. The 

technique is one of great versatility and accuracy. The EDXRD was found to 

correlate better than the rotating anode data with the original single crystal models. 

Further work is needed to improve the accuracy of furnace equipment used, and also 

the creation of a vacuum sealed furnace unit capable of repeating the negative 

thermal expansion experiments, but without a chance of re-hydration.
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Chapter 5:

I n  s i t u  High Temperature 

EXAFS and TGA Study of

Transition Metai ion

Exchanged Ciinoptiioiite.
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5.0 Summary

An in situ high temperature extended adsorption fine structure (EXAFS) and 

thermo gravimetric analysis (TGA) study of transition metal ion exchanged 

Clinoptilolite samples was completed to understand the effect upon the dehydration 

and local structure coordination of transition metal cations. Fe, Co, and Cu, ions were 

exchanged into Clinoptilolite and the samples were taken to the quick EXAFS station 

9.3 and the TGA facility at Birkbeck College, Chemistry Department.

The results show that transition metal cations tend to form small clusters 

within the channels. As the samples are dehydrated the coordination changes with 

loss of waters, however, there is no overall change in the clusters except they become 

smaller. The changes in coordination and decrease in average bond length to the first 

shell oxygens are directly tied to dehydration, which is illustrated in the TGA F* 

derivative data as the peak loss in weight. The EXAFS second shell evidence suggest 

that transition metal cations are found between 2.9 and 3.1Â away from the central 

atom, which is further evidence for cluster formation.
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5.1 Introduction

The increased need for stricter environmental controls for industrial processes 

has forced many companies to seek new methods for dealing with potentially toxic 

output. Clinoptilolite, like many zeolites, have been used to “mop up” many 

industrial waste chemicals. For example, in the case of Clinoptilolite it has been used 

to remove low grade nuclear waste. In recent years considerable attention has been 

devoted to studies of the interaction of heavy metals with Clinoptilolite and 

Heulandite. Extensive work has already begun on the removal of Cu from waste 

waters by the Heulandite family and other zeolite-bearing rocks in combination with 

other m a t e r i a l s ' L e a d  and cadmium have also been targetted for wastewater 

treatment and removal from drinking water"''^, due obviously to the potential health 

dangers that each of these heavy metals posses. Natural zeolites, such as 

Clinoptilolite, are ideal for removal of heavy metals from waste waters because of 

their widespread occurrence and low cost^.

Here is presented the first study by in situ high temperature Quick Extended 

X-ray Adsorption Fine Structure (QuEXAFS) to understand the effects of elevated 

temperature on the local structure of a number of transition metals within the 

Clinoptilolite framework. Thermogravimetric data (TGA) has been used to define the 

dehydration profile of each ion exchanged form.
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5.2 Methodology

The powder samples were ion exchanged at room temperature for two months 

in a IM  solution of CuCb, C0CI2, or FeCb, to IM  Clinoptilolite powder. The powder 

samples were then transferred to a water bath and held at 90°C for 4 weeks, which 

were then transferred to a water bath and held at 90°C for 4 weeks, recharging the 

liquor twice weekly. The predominant amount of ion exchange took place during the 

second phase of the exchange procedure. The samples were then washed with de

ionised water and filtered before being dried at room temperature over night. The 

degree of exchange for the powder samples was assessed using the ED AX elemental 

analysis (described in Chapter 2) equipment at the Birkbeck College, Geology 

Department. The results obtained were:

• Powder sample ion exchange results:

o Natural Clinoptilolite- N a4 K2 Al^ Siso O72 (XH20) 

o Co Clinoptilolite- N a2 C02 AI5.77 Si3o.23 O72.82 (XH20 

o Cu Clinoptilolite- CU3.47 AI5.68 Si3o.32 O74.21 (XH20) 

o Fe Clinopitlolite- N a u  Fe2.5s AI5.39 Si3o.62 O73.99 (XH20)

Each powder sample was divided between the EXAFS and TGA experiments. The 

TGA experiments required approximately lOmg of the powdered ion exchanged 

sample. Data were collected at the Birkbeck College, Chemistry Department, using a 

Shimadzu TGA system. The TGA experiments were completed under a nitrogen 

environment, with the temperature ramping at 10°C. The EXAFS experiments were 

performed on the combined EXAFS/ XRD station, 9.3, at the Daresbury SRS. 

However, the XRD data are not discussed here as only the EXAFS data were 

important to this study. 20mg of each ion exchanged powder sample was mixed with
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50mg of MCM-41 to create enough material to produce a thin pellet. The thin 13mm 

diameter pellet was created using 3.5 tonnes of pressure in a typical pellet press at the 

Materials Science Laboratories at the Daresbury SRS. The pellet was placed in a 

furnace of a similar design to that used on station 16.4 (described in Chapter 4). The 

temperature was ramped at 5°C/min to 600°C from ambient (18°C), with the EXAFS 

scans taking place in conjunction with the ramp. For the data collection, a pattern was 

attained at ambient, with subsequent patterns collected every 100°C. Transmission 

EXAFS mode was used for each experiment due to the sufficient amount of transition 

metals present per unit cell giving a strong attenuated signal. Figure 5.2 shows a 

typical first shell fit for the EXAFS data at room temperature for the Co exchanged 

Clinoptilolite sample. The observed data is shown in green and the theoretical profile 

in black.

The data were analysed using the EXAFS suite of programs available at 

Daresbury SRS, namely FXCALIB, FXBROOK and EXCURV98^; Chapter 2 

provides a basic overview of each of these programs. The model used for each 

experiment was developed from the single crystal results given in chapter 3 and from 

standards such as Fe ZSM-5, CoO, and CU2O. The use of a good starting model for 

EXAFS data refinement in EXCURV98 is necessary in order to obtain accurate 

parameters for the element under investigation.
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Figure 5.2: Example first shell EXAFS fits for the Co exchanged Clinoptilolite sample at 

ambient, a: The fourier transform plot and h: The plot of the data.
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5.3 Results

5.3.1 I n  s i t u  High Temperature Study of Cu 

Clinoptilolite.

Figure 5.3.1 A shows both the Fourier transform (FT) of the EXAFS data and 

the EXAFS spectra as a function of temperature, showing the quality of data that can 

be obtained by this technique. The variation with temperature of the coordination 

number (N), bond distance (R), and Debye-Waller factor (A) are plotted in figure 

5.3.IB to illustrate the changes occurring during calcination. The coordination 

number (N) falls throughout heating as would be expected with dehydration. The Cu 

cation remains 4 coordinated up to 200°C falling to 2 at 600°C. The greatest change 

takes place between 200 and 300°C with N falling from 4 to 3. The average bond 

length also decreases with temperature to a minimum at 400°C before increasing to 

the original average bond length value at 600°C. The Debye-Waller factor (A) alters 

very little across the whole temperature range with respect to the error.

The TGA and derivative TGA data given in figure 5.3.IB show that most 

weight loss occurs over the first 200°C and by 400°C there is very little weight loss 

on further increasing the temperature, which is in agreement with the EXAFS data, 

with the greatest change in average bond length taking place during the maximum 

loss in weight seen in the TGA data. Beyond 400°C, the average bond length recovers 

after weight loss stops. Further, the change in coordination number occurs after the 

point of maximum peak weight loss described in the derivative TGA data (around 

200°C), which suggests that weight loss is caused by dehydration and the 

coordination change represents the loss of waters from the cation. By 600°C, 

dehydration has finished and the cations have migrated to stable sites near the
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framework, with Cu cations settling in a 2 coordinate position, with the recovery of 

the average bond length suggesting the improved stability of the cation bonding to 

the framework.
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Figure 5.3.1A a and b: Fourier transform (FT) of the EXAFS data (a) and the EXAFS spectra 

(b) as a function of temperature (ambient to 600°C) for Cu exchanged Clinoptilolite. 
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Figure 5.3.1B: The variation of the coordination number (N), Debye-Waller factor (a) (a/nm) 

and bond distance (R) plotted as a function of temperature for the Cu Clinoptilolite. TGA, and 

1st derivative TGA data, for the Cu Clinoptilolite data, with the temperature ramp shown as a 

green line. The uncertainties for each EXAFS parameter is given next to each legend.
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5.3.2 In situ High Temperature Study of Co

Clinoptilolite.

Figure 5.3.2A displays both the EXAFS spectra and FT data for the Co 

exchanged Clinoptilolite sample. The Co data have similar qualities to those seen in 

the Cu exchanged experiments. Figure 5.3.2B shows the variation of the coordination 

number (N), bond distance (R), and Debye-Waller factor as a function of 

temperature. The Co data have a similar trend to that seen with the Cu sample: both 

the coordination number and average bond length decrease with temperature. The Co 

at ambient temperature is 6 coordinated, but as soon as the temperature is increased, 

this value begins to drop. By the end of the dehydration period at 600°C the Co has 

become 4 coordinated. The average bond length changes little when the sample is 

heated from ambient to 100°C, however, beyond 100°C there is a drastic drop in the 

average bond length up to 400°C, which represents a reduction in average bond 

length of almost 0.1Â. Above 400“C there is little further alteration in average bond 

length. The Debye-Waller factor (A) is relatively stable with an increase in 

temperature.

From the derivative TGA data in figure 5.3.2B, peak weight loss occurs at 

100°C, followed by a decline in the rate o f weight loss at around 420°C. As with the 

Cu data, weight loss here is purely associated with water depletion through 

dehydration. On raising the temperature above ambient, dehydration occurs and by 

100°C the rate of loss has reached a maximum; related to this is the sudden change in 

average bond length, which occurs in conjunction with the progressive drop in 

coordination number. The average bond length reaches a plateau at 400°C and the 

coordination number has fallen to 4. At the same time the TGA data show no further
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weight loss, which clearly marks the loss of cation bonded water and the stabilisation 

of cations migrating to favourable sites near the framework.

Figure 5.3.2A a and b: Fourier transform (FT) of the EXAFS data (a) and the EXAFS spectra 

(h) as a function of temperature (Ambient to 600°C) for Co exchanged Clinoptilolite . 
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Figure 5.3.2.B: The variation of the coordination number (N), Debye-Waller factor (a/nm), and 

bond distance (R) plotted as a function of temperature for the Co Clinoptilolite. TGA and 

derivative TGA data for the Co Clinoptilolite data with the temperature ramp shown as the 

green line. The uncertainties for each EXAFS parameter is given next to each legend.
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5.3.3 In situ High Temperature Study of Fe

Clinoptilolite.

Figure 5.3,3A displays both the EXAFS spectra and FT data for the Fe 

exchanged Clinoptilolite sample. The Fe data has similar qualities to that seen with 

the Cu and Co exchanged experiments. Figure 5.3.3B shows the variation of the 

coordination number (N), bond distance (R), and Debye-Waller factor (A) as a 

function of temperature. The coordination number and average bond length follow 

the trend of decreasing with temperature as found in the Co and Cu datasets. The Fe 

is 6 coordinated at ambient temperature, falling to 4 at 200°C and finishing at 3 by 

600°C. However, the average bond length at ambient is 2.06Â, which suggests that 

both Fê "*" and Fê "̂  are present (The average bond lengths for octahedral Fê "̂  and Fe^^ 

are 2.1 and 2.0Â respectively), which is possibly due to natural Fê '*’ being present in 

the sample and also Fe^^ utilised in the ion exchange oxidising: the mixed state has 

placed the average bond length into an intermediate position between each charge 

state. The reduction in bond length to 1.94Â at 600°C is consistent with a mixed Fe 

state. The derivative TGA data in figure 5.3.3B shows that the greatest loss in 

weight, due to water loss, occurs around 70°C, and declines thereafter. This 

maximum water loss period coincides with the greatest change in both coordination 

number and average bond length after 100°C. The Debye-Waller factor (A) in figure 

5.3.3B, has a minimum between 200 and 300°C, which coincides with the step in the 

derivative TGA data and second dehydration event: at this point that the Fe 

coordination number begins to fall from 4 to 3. Dehydration is complete by 470°C 

and all three parameters (N,R,A) have almost reached equilibrium values.
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Figure 5.3.3A a and b; Fourier transform (FT) of the EXAFS data (a) and the EXAFS spectra 

(h) as a function of temperature (Ambient to 600°C) for Fe exchanged Clinoptilolite. 
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Figure 5.3.3B: The variation of the coordination number (N), Debye-Waller factor (c/nm), and 

bond distance (R) plotted as a function of temperature for the Fe Clinoptilolite. TGA and 1st 

derivative TGA data for the Fe Clinoptilolite data with the temperature ramp shown as the 

green line. The uncertainties for each EXAFS parameter is given next to each legend.
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5.3.4 Second Shell Refinement for each System

The second shell refinements (figure 5.3.4) were achieved based on the 

analysis of the calculated multiple scattering. The coordination numbers of both Cu 

and Fe samples show little variation from unitary coordination. The Cu peak appears 

at 200°C and as the temperature increases the coordination number increases from 1 

to 4 to 6 at 600°C. The average bond lengths decrease for both the Cu and Co 

samples levelling at around 2.9Â. The Fe second shell average bond lengths, remain 

consistently above 3Â, to 600°C. The Debye-Waller factors (A) for all the 

experiments are high and show distinct variation, which is consistent with disordering 

of the cation and the larger distances associated with the second shell refinement.

Figure 5.3.4: The variation of the coordination number (N), Debye-Waller factor (a/nm), and 

bond distance (R) plotted as a function of temperature for the second shells of Fe, Cu, and Co 

exchanged Clinoptilolite.
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5.4 Discussion and Conciusions

There are general trends seen throughout each of the ion exchanged 

experiments. With an increase in temperature, both the coordination number and the 

average bond length decrease. Cu is the exception above 400°C where the average 

bond length increases and returns to the original length at ambient temperature. The 

Debye-Waller factor shows little variation except for the Fe sample between 200 and 

300° C where it reaches a minimum.

The change in coordination number from 6 to 4 in the Co experiment suggests 

that the Co retains a charged state of 2-i- after losing the bonded water. Studies by 

other authors^’̂  have found that Co^^ is typically 4 coordinated with the average bond 

lengths in the region 1.97-2.06Â. A long average bond length was determined in this 

study to represent the average contribution of first shell bonds to both framework and 

distant waters. After dehydration, equilibrium is attained in this Co study; there is a 

clear coordination change from 6 to 4 and a settling of the bond length to 1.945Â. 

Two studies by Barrett et al (1995)^® and Sanker et al (1995)" have described the 

local structure of 4 coordinated Co(2) in a spinel (C0AI2O4) and in the frameworks of 

microporous solids. Both EXAFS studies found average bond lengths of between 

1.94 and 1.95Â, which correlate with this study.

The Cu coordination change from 4 to 2 could suggest a reduction from Cu(2) 

to Cu(l), but this does not agree with the reduction in bond length up to a transition at 

400°C where bond length increases. However, all temperature runs were completed in 

air there by sustaining an oxidising environment. It is therefore likely that the Cu has 

not reduced remaining in the 2+ state as a result of a sustained oxidizing atmosphere, 

resulting in the reduction of bond length. The Cu, like the other cations, are 

disordered with bond angles from Cu to O suggesting a non-linear bonding especially
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at higher temperatures where the Cu migrates closer to the framework in order to 

bond surely to the framework oxygens, A similar EXAFS study on an ambient Cu 

exchanged Heulandite by Godelitsas et al (1999)'^ found that the Cu was 6 

coordinated in Cu-0 clusters with an average bond distance of 1.88Â. They also 

found that the Cu remained in a +2 oxidation state. However, the latter study also 

suggests that there are second and third shells containing Cu located at distances from 

the initial Cu of 2.05 and 2.35Â. This is chemically impossible with the bond lengths 

for the second shell Cu being much less to that found in Cu metals. There is no 

description of the model used in their EXAFS study which may account for the 

discrepancy. Furthermore, the back Fourier transformation of EXAFS data can 

introduce errors at low K range values if not properly corrected^^. The improper use 

of a back Fourier transform can result in shortening of bond lengths and is often not 

necessary when the precision of the refinement can simply be improved by 

shortening the K range to be refined and by focusing more on the shells of interest. 

Experimental (ESR and EXAFS) and computational work by Blint (1996)*'^ and a 

theoretical study by Rice et al (2000)^ on ZSM-5 have yielded similar results. Blint’s 

computational study found a range of Cu-0 distances over the range of 1.75- 2.38Â 

and the EXAFS studies found a similar range of bond lengths from 1.93 to 1.95Â in 

the first shell. ESR experiments gave a coordination number of 4 for Cu(II). Rice 

found from his computational analysis that cluster bond lengths for Cu-O lie in the 

range 1.93-2.01Â with a 4 coordinated Cu. Both these studies on Cu exchanged 

ZSM-5 are in strong agreement with the ambient results presented here.

The mixed oxidation states proposed in the Fe study make it difficult to 

describe any differences in oxidation state with a rise in temperature. 

Crystallographic data on FeS04 describes an average bond length for octahedral Fê "̂
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as being 2.1Â. The octahedral Fe^^ distances for FeNOg are shorter, typically 1.98Â 

on average. The ambient temperature bond length would suggest that most of the 

octahedral Fe in this sample of Clinoptilolite is in fact Fê "̂  with only a small 

proportion being Fê "̂ . Joyner and Stockenhuber (1999)^^ have seen the effect of 

reduction upon heating from their EXAFS study of Fe ZSM-5 providing a non

oxidising atmosphere is attained (e.g. A vacuum). Joyner (1999) saw that, depending 

on the ion exchange method, reduction could take place as low as 355°C or even at 

465°C. Associated with this reduction in FeZSM-5 is an alteration in bond length and 

coordination from 6 to 4. The second shell average bond lengths for Fe-Fe were 

found to be short, as low as 2.53Â in some cases. They suggest that the formation of 

ultrastable nanostructures after reduction as a cause for such short Fe-Fe bond 

lengths. In this study, no such nanostructure was detected and Fe-Fe distances have 

remained stable at over 3Â. Battiston et al (2000)'^ found similar results to Joyner for 

Fe in ZSM-5, finding both single Fe cations and Fe clusters, in both +2 and +3 

oxidisation states, with Fe bond lengths found from EXAFS to lie in the range 1.81- 

2.27Â, dependent on the ion exchange procedure. Other a u t h o r s ^ ' f r o m  both 

theoretical and experimental data agree that Fe species and the form it assumes within 

the structure (e.g. isolated metal ions, large oxide clusters, or oxygen containing 

nanostructures) is dependent very much on the ion exchange procedure adopted for 

ZSM-5. In Clinoptilolite, Fe assumes a cluster position similar to that seen for ZSM-

5. The Fe-Fe bond distance of 3Â can be ascribed to one of Joyners or Marturano’s 

clusters, but definitely does not fit the ultrastable nanocluster model.

The XANES profile for the Fe exchanged Clinoptilolite does shed light upon 

the effect of temperature on the coordination and oxidation state of the Fe cation 

(figure 5.4). Figure 5.4a shows the normalised temperature spectra from 100 to
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600°c .  Below the adsorption edge, the first two low temperature patterns show no 

distinct peaks. However, by 300°C a small peak has formed and is sustained up to 

600°C. This peak is indicative of the change in coordination from 6 to 4 or from 

octahedral to tetrahedral. The second line diagram (figure 5.4b) shows the normalised 

EXAFS spectra overlaid. The two spectra for 100 and 200°C (in pink), shows no 

small peaks at OeV and have a steep edge gradient associated with it. The following 

four spectra have developed a peak, which overlaps at OeV and is sustained to 600°C. 

Furthermore, the slightly lower edge jump of these spectra compared to that of the 

100 and 200°C spectra is classic EXAFS evidence for a reduction in coordination 

caused by a change in oxidation state of the iron from octohedral to tetrahedral.

The most interesting feature of these four spectra is the difference in edge 

energy in contrast to that of the 100 and 200°C spectra. This change in edge energy is 

indicated in figure 5.4b by the arrow. This shift moves the edge in the 300°C pattern 

to a higher energy, which suggests oxidation of Fe^^ to Fe^^. A shift of the edge to a 

lower energy would indicate a reduction as described by Joyner'^. An oxidation event 

would be expected to show a clear difference in edge energy when compared to the 

original lower temperature edge. Hence, the small change seen here is difficult to 

interpret, although a recent study by Beale and Sankar (2002)^* on insitu 

QuEXAFS/XRD studies of the structural changes in iron phosphate catalysts, has 

shown that a change of coordination from 6 to 4 is accompanied by a step effect of 

the lower part of the edge to a lower energy with no overall shift in peak. Here we see 

that with an oxidation effect of Fê "̂  to Fê "̂  there is also a change in coordination that 

counters one another. A coordination shift to low energy versus an oxidation edge 

change to high energy gives the gently sloping peak form identified here (figure 5.4a 

and 5.4b).
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It has been possible to monitor and understand the changes occurring during 

the calcination of Cu, Co, and Fe exchanged forms of Clinoptilolite. The QuEXAFS 

results have shown that the Co form remains stable under calcination, while the 

mixed oxidation states seen in the Fe samples undergo oxidation at around 300°C 

from Fê "̂  to Fe^^. The Cu exchanged sample had a change in coordination to 2 in the 

first shell. Further, it is highly likely that these transition metals form clusters similar 

to those observed in ZSM-5.

This preliminary study can only lead to more questions and further work. The 

ion exchange method used to create each Clinoptilolite form needs to be examined 

more closely. In the case of the Fe sample, the production of a single oxidation state 

ion exchanged sample is the first priority. The need to produce a better model for the 

EXAFS study is also important. An in situ high temperature single crystal study on 

each of the transition metal exchanged Clinoptilolites would give an excellent model 

for further EXAFS studies.
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Figure 5.4 a and b: Normalised XANES spectra for the Fe exchanged Clinoptilolite from 100 to 

600°C.
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Crystallographic Tables for Cs-Clinoptilolite at Ambient Temperature

Figure 1: Asymmetric unit with thermal ellipsoids drawn at 50% confidence level.

0(7)

Cs(3)
0(3W)'

Cs2ACs(3B)

Cs(3A)

240



Table 1. Crystal data and structure refinement for Cs- Clinoptilolite at ambient temperature.

Expected chemical formula 
Chemical formula

Formula weight
Temperature
À
Crystal System 
Space Group 
Unit cell dimensions

Cell Volume 
Z
Calculated Density
Absorption coefficient 
F(OOO)
0 range for data collection 
Index ranges
Completeness to theta = 25.00  ̂
Reflections collected 
Independent reflections 
Reflections with F^>2a 
Min. and max. transmission 
Structure solution
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [I>2sigma(I)]
R indices (all data)
Goodness-of-fit on F^
Largest diff. peak and hole

a  = 90°.
P =113.830(2)°. 
Y = 90°.

Cs6 Alô Si3o072 'XH2O
Alô Cs 12.60(12) Cs2],40(68) Cs2Ai.4Q(68)
Cs31.40(36) C s3 Ao.60(]6)C s3 Bo.60(16) O72 Si30

5 .52H20
2954.04 
291(2) K 
0.69040 Â 
Monoclinic 
C2/m
a = 17.4303(6) Â 
b=  17.9836(6) Â 
c = 7.4396(3) Â 
2133.20(13) A3 
1
2.299 Mg/m3 
3.136 mm"l 
1404
2.48 to 28.89°.
-20<=h<=23, -24<=k<=24, -9<=1<=10 
9&9 9&
7149
2888 [R(int) = 0.0249]
2178
0.8342 and 0.9693 
direct methods
Full-matrix least-squares on F^
0.139800 0.000 
2888 / I / 174
R1 =0.0690, wR2 = 0.1860 
R1 = 0.0791, wR2 = 0.1907
0.984
3.649 and -0.896 e.A"^
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â )̂ for Cs- 
Clinoptilolite at ambient temperature. Ugq is defined as one third of the trace of the 
orthogonalized U'̂  tensor.

X y z Ugq Partial
Occupan

Si(l) 0.21447(8) 0.08891(7) 0.41732(18) 0.0150(3) 0.25
Al(l) 0.21447(8) 0.08891(7) 0.41732(18) 0.0150(3) 0.75
Si(2) 0.06959(8) 0.20527(8) 0.21505(18) 0.0179(3)
Si(3) 0.21105(8) 0.31153(8) 0.20381(18) 0.0181(3)
Si(4) 0.32274(8) 0.16964(8) 0.23934(17) 0.0177(3)
Si(5) 0.5000 0.22132(11) 0.5000 0.0190(4)
( ) ( 8 ) 0.2850(2) 0.2496(2) 0.2632(6) 0.0333(9)
0(4) 0.2777(3) 0.1012(3) 0.3050(6 ) 0.0373(10)
0(10) 0.4226(2) 0.1665(2) 0.3796(6) 0.0342(9)
()(9) 0.1907(3) 0.3464(3) -0.0134(6) 0.0376(10)
()(5) 0.1257(3) 0.2759(3) 0.2075(8) 0.0426(11)
0(6) 0.0000 0.1835(4) 0.0000 0.0409(15)
0(1) 0.1946(4) 0.0000 0.4206(11) 0.0382(14)
()(3) 0.2414(3) 0.3814(2) 0.3545(6) 0.0363(10)
0(7) 0.0210(3) 0.2249(3) 0.3531(7) 0.0430(12)
0(2) 0.1248(3) 0.1313(3) 0.2953(7) 0.0405(11)
(:s(l) 0.289169 0.500000 0.092965 0.0810(7) 0.65(3)
Cs(2) 0.489190 0.500000 0.047150 0.0450(14) 0.35(17)
Cs(2A) 0.512939 0.500000 -0.034283 0.176(15) 0.35(17)
Cs(3) 0.445627 0.000000 0.603851 0.158(2) 0.35(9)
Cs(3A) 0.559200 0.000000 0.343809 0.281(12) 0.15(4)
Cs(3B) 0.482517 0.000000 0.528335 0.109(4) 0.15(4)
0(1W ) 0.118535 0.500000 -0.030251 0.31(2) = Csl
0(2W) 0.464078 0.433017 0.374519 0.325(15) = Cs2
0(3W) 0.500000 0.088653 1.000000 0.094(3) = Cs3
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Table 3. Selected bond lengths [Â] and angles [°] for Cs-Clinoptilolite at ambient
temperature.

Si/Al(l)-0(1) 1.6367(17) Si/Al(l)-0(2) 1.643(4)
Si/Al(l)-0(3) 1.646(4) Si/Al(l)-0(4) 1.659(4)
Si(2)-0(2) 1.611(4) Si(2)-0(6) 1.6144(19)
Si(2)-0(7) 1.616(4) Si(2)-0(5) 1.618(4)
Si(3)-0(3) 1.622(4) Si(3)-0(8) 1.625(4)
Si(3)-0(5) 1.628(4) Si(3)-0(9) 1.634(3)
Si(4)-0(8) 1.616(4) Si(4)-0(9) 1.620(3)
Si(4)-0(4) 1.622(4) Si(4)-O(10) 1.626(4)
Si(5)-0(7) 1.602(4) Si(5)-0(7) 1.602(4)
Si(5)-O(10) 1.618(4) Si(5)-O(10) 1.618(4)
Cs(l)-0(1W) 2.74(3) Cs(l)-0(2W) 3.16(3)
Cs(l)-0(9) 3.187(4) Cs(l)-0(3) 3.215(4)
Cs(l)-0(4) 3.267(4) Cs(l)-0(1) 3.519(6)
Cs(2)-0(2W) 2.90(5) Cs(2)-0(2) 3.325(15)
Cs(2)-0(6) 3.346(8) Cs(2)-0(2) 3.45(2)
Cs(2)-0(1) 3.65(3) Cs(3)-0(1W) 3.14(4)
Cs(3)-0(3W) 3.141(8) Cs(3)-O(10) 3.376(5)
Cs(3)-0(4) 3.400(6) Cs(3)-O(10) 3.749(5)
Cs(3)-0(1W) 3.77(3) Cs(2A)-0(2W) 2.97(3)
Cs(2A)-0(6) 3.339(6) Cs(2A)-0(2) 3.396(7)
Cs(2A)-0(l) 3.577(12) Cs(3A)-0(3W) 2.831(15)
Cs(3A)-0(lW) 3.03(4) Cs(3A)-0(4) 3.496(15)
Cs(3A)-O(10) 3.578(9) Cs(3A)-0(3) 3.802(11)
Cs(3B)-0(lW) 3.18(4) Cs(3B)-O(10) 3.221(8)
Cs(3B)-O(10) 3.359(10) Cs(3B)-0(lW) 3.40(4)
Cs(3B)-0(4) 3.742(19) Cs(3B)-0(3W) 3.753(17)

0(l)-Si/Al(l)-0(2) 107.6(3) 0(l)-Si/Al(l)-0(3) 108.7(3)
0(2)-Si/Al(l)-0(3) 111.3(2) 0(l)-Si/Al(l)-0(4) 109.3(3)
0(2)-Si/Al(l)-0(4) 109.6(2) 0(3)-Si/Al(l)-0(4) 110.3(2)
0(2)-Si(2)-0(6) 105.7(3) 0(2)-Si(2)-0(7) 109.9(2)
0(6)-Si(2)-0(7) 107.78(17) 0(2)-Si(2)-0(5) 112.4(2)
0(6)-Si(2)-0(5) 111.5(2) 0(7)-Si(2)-0(5) 109.4(2)
0(3)-Si(3)-0(8) 110.1(2) 0(3)-Si(3)-0(5) 110.0(2)
0(8)-Si(3)-0(5) 110.6(2) 0(3)-Si(3)-0(9) 105.7(2)
0(8)-Si(3)-0(9) 111.1(2) 0(5)-Si(3)-0(9) 109.1(2)
0(8)-Si(4)-0(9) 111.8(2) 0(8)-Si(4)-0(4) 111.5(2)
0(9)-Si(4)-0(4) 107.1(2) O(8)-Si(4)-O(10) 109.76(19)
O(9)-Si(4)-O(10) 109.1(2) O(4)-Si(4)-O(10) 107.4(2)
0(7)-Si(5)-0(7) 106.4(3) O(7)-Si(5)-O(10) 112.0(2)
O(7)-Si(5)-O(10) 110.7(2) O(7)-Si(5)-O(10) 110.7(2)
O(7)-Si(5)-O(10) 112.0(2) 0(10)-Si(5)-0(10) 105.3(3)
0(1W)-Cs(l)-0(2W) 148.2(8) 0(lW)-Cs(l)-0(9) 60.89(10)
0(2W)-Cs(l)-0(9) 140.8(6) 0(2W)-Cs(l)-0(9) 96.4(7)
0(lW )-Cs(l)-0(3) 72.0(5) 0(2W)-Cs(l)-0(3) 105.6(6)
0(2W)-Cs(l)-0(3) 76.2(6) 0(9)-Cs(l)-0(3) 47.82(9)
0(9)-Cs(l)-0(3) 118.94(11) 0(lW)-Cs(l)-0(4) 75.6(6)
0(2W)-Cs(l)-0(4) 106.6(6) 0(2W)-Cs(l)-0(4) 135.4(6)
0(9)-Cs(l)-0(4) 107.49(11) 0(9)-Cs(l)-0(4) 47.64(9)
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Symmetry operations for equivalent atoms
A -x+ l/2 -y+ l/2 ,-z+ l B -x+1/2,-y+l/2,-z C x-1/2,-y+l/2,z 
D x-l/2,y-l/2,z E x+1/2,-y+l/2,z F -x+l,y,-z+l 
G —x+1,—y,—z+1 H X ,—y,z I —x+1/2,y—1/2,—z+1 
J -x+l/2 ,y-l/2 ,-z K x,-y+l,z L -x,y,-z 
M -x+l/2,y+l/2,-z N -x+ l,-y+ l,-z  O x+l/2,y+l/2,z
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Table 4. Anisotropic displacement parameters (Â )̂ for Cs- Clinoptilolite at ambient 
temperature. The anisotropic displacement factor exponent takes the form: -27i^[h^a +

.+  2hka*b*U'^^

u ii lj22 U33 jj23 Ul3 Ul2

Si(l) 0.018(1) 0.013(1) 0.014(1) 0.000(1) 0.007(1) -0.0001(1)
Al(l) 0.018(1) 0.013(1) 0.014(1) 0.000(1) 0.007(1) -0.0001(1)
Si(2) 0.017(1) 0.023(1) 0.014(1) 0.000(1) 0.006(1) 0.0001(1)
Si(3) 0.019(1) 0.021(1) 0.013(1) -0.0001(1) 0.006(1) -0.0001(1)
Si(4) 0.014(1) 0.025(1) 0.013(1) 0.001(1) 0.004(1) 0.000(1)
Si(5) 0.015(1) 0.027(1) 0.014(1) 0.000 0.005(1) 0.000
0 (1) 0.041(3) 0.023(3) 0.054(3) 0.000 0.024(3) 0.000
0 (2) 0.037(2) 0.027(2) 0.046(2) 0.006(2) 0.0005(2) 0.0009(2)
0(3) 0.052(2) 0.031(2) 0.023(2) -0.0007(1) 0.013(2) -0.0002(2)
0(4) 0.047(2) 0.036(2) 0.040(2) 0.000(2) 0.030(2) -0.0007(2)
0(5) 0.040(2) 0.037(2) 0.059(3) 0.0002(2) 0.028(2) -0.0009(2)
0 (6) 0.046(3) 0.046(3) 0.019(2) 0.000 -0.002(2) 0.000
0(7) 0.045(2) 0.053(3) 0.042(2) -0.021(2) 0.031(2) -0.012(2)
0 (8) 0.029(2) 0.029(2) 0.035(2) -0.0001(1) 0.0007(2) 0.0009(1)
0(9) 0.051(2) 0.040(2) 0.016(2) 0.0003(1) 0.013(2) 0.0004(2)
0 (10) 0.018(2) 0.035(2) 0.037(2) -0.007(2) 0.000(1) 0.0002(1)
Cs(l) 0.0184(2) 0.027(1) 0.044(1) 0.000 0.054(1) 0.000
Cs(2) 0.050(9) 0.071(7) 0.0200(30) 0.000 0.0003(8) 0.000
Cs(3) 0.0112(4) 0.063(2) 0.0106(5) 0.000 -0.010(3) 0.000
Cs(2A) 0.062(6) 0.018(2) 0.046(4) 0.000 -0.006(3) 0.000
Cs(3A) 0.021(6) 0.0280(30) 0.034(6) 0.000 0.017(5) 0.000
Cs(3B) 0.0109(17) 0.009(4) 0.086(12) 0.000 0.043(9) 0.000
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Crystallographic Tables for Cs-Clinoptilolite at 200°C.

Figure 1: Asymmetric unit with thermal ellipsoids drawn at 50% confidence level.
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Table 1. Crystal data and structure refinement for Cs-Clinoptilolite at 200°C.

Expected chemical formula 
Chemical formula

Formula weight
Temperature
À
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F^>2(j 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F^>2a]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

a  = 90°
P= 113.529(9)° 
Y = 90°

CSô Alô Si3o072
C sl 1.16(24) Cs2 o.52(16) Cs2 Ao.40(68) Cs2 Bo.92(72) 
Cs2 Co.92(72) C s 3 o.80(68) C s3 Ao.gO(68) Alô Siao O72
2954.04 
4 7 3 (2 ) K  
0.69040 Â 
Monoclinic 
C2 /m

a = 17.213(6) Â 
b = 17.616(6) Â 
c = 7.435(3) Â 
2067.0(13)
1
2.373 g/cm^
3.236 mm“^
1404
2.89 to 29.10°
h —22 to 23, k —24 to 24,1 —10 to 8
99.0 %
7100
2836 (Rmt = 0.0264)
2035
direct methods
Full-matrix least-squares on F^
0.0993, 0.0000 
2836/ 1 / 177
R1 =0.0617, wR2 = 0.1419 
R1 =0.0751, wR2 = 0.1464 
0.941
0.000 and 0.000 
1.696 and -0.647 e A~̂
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â^) for Cs- 
Clinoptilolite at 200°C. Ueq is defined as one third of the trace of the orthogonalized U'̂
tensor.

X y z Ueq Partial
Occupan(

Al(l) 0.20984(6) 0.08918(6) 0.41642(14) 0.0234(2) 0.75
Si(l) 0.20984(6) 0.08918(6) 0.41642(14) 0.0234(2) 0.25
Si(2) 0.06834(6) 0.20880(6) 0.21467(13) 0.0268(2)
Si(3) 0.21225(6) 0.31351(6) 0.20164(14) 0.0266(2)
Si(4) 0.32156(6) 0.16707(6) 0.23712(13) 0.0254(2)
Si(5) 0.5000 0.21664(9) 0.5000 0.0272(3)
0 ( 1 ) 0.1868(3) 0.0000 0.4150(8) 0.0538(12)
0(2) 0.1213(2) 0.1331(2) 0.2976(6) 0.0627(10)
0(3) 0.2451(3) 0.3834(2) 0.3546(5) 0.0570(9)
0(4) 0.2733(2) 0.1005(2) 0.3017(5) 0.0505(8)
0(5) 0.1274(2) 0.2791(2) 0.2106(6) 0.0633(10)
0(6) 0.0000 0.1876(4) 0.0000 0.0752(18)
0(7) 0.0191(3) 0.2305(2) 0.3503(6) 0.0613(10)
0(8) 0.28568(19) 0.24951(19) 0.2537(5) 0.0451(7)
0(9) 0.1915(2) 0.3511(2) -0.0127(4) 0.0457(8)
0 ( 1 0 ) 0.42133(18) 0.16094(18) 0.3820(4) 0.0439(7)
Cs(l) 0.3073(8) 0.5000 0.1143(14) 0.073(2) 0.29(8)
Cs(2) 0.4648(9) 0.5000 0.0708(15) 0.191(7) 0.13(4)
Cs(3) 0.4352(4) 0.0000 0.6200(11) 0.143(4) 0.1(17)
Cs(2A) 0.3137(7) 0.5000 0.0898(13) 0.048(2) 0.1(17)
Cs(3A) 0.4694(5) 0.0000 0.5544(14) 0.171(6) 0.1(17)
Cs(2B) 0.3379(8) 0.4842(6) 0 .1 1 2 (2 ) 0.075(3) 0.23(18)
Cs(2C) 0.3883(9) 0.4327(12) 0.171(2) 0.237(9) 0.23(18)
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Table 4. Anisotropic displacement parameters (Â )̂ for Cs-Clinoptilolite at 200°C. The 
anisotropic displacement factor exponent takes the form: -27T [̂h^a*^U '̂ + ...+ 2hka*b*U'^]

U '̂ U22 U33 U23 Ul3 Ul2

Al(l) 0.0295(5) 0.0194(5) 0.0219(5) 0.0004(3) 0.0107(4) 0.0001(4)
Si(l) 0.0295(5) 0.0194(5) 0.0219(5) 0.0004(3) 0.0107(4) 0.0001(4)
Si(2) 0.0240(5) 0.0353(5) 0.0206(4) 0.0012(4) 0.0084(4) 0.0033(4)
Si(3) 0.0308(5) 0.0298(5) 0.0199(4) -0.0010(3) 0.0109(4) -0.0016(4)
Si(4) 0.0207(4) 0.0347(5) 0.0195(4) 0.0019(3) 0.0067(3) 0.0003(4)
Si(5) 0.0214(6) 0.0395(8) 0.0214(6) 0.000 0.0093(5) 0.000
0(1) 0.064(3) 0.028(2) 0.078(3) 0.000 0.037(3) 0.000
0(2) 0.0475(19) 0.047(2) 0.082(3) 0.0158(18) 0.0131(19) 0.0144(16)
0(3) 0.080(3) 0.051(2) 0.0326(16) -0.0083(14) 0.0149(16) -0.0044(18)
0(4) 0.0553(19) 0.052(2) 0.0566(19) 0.0025(15) 0.0355(17) -0.0077(16)
0(5) 0.055(2) 0.057(2) 0.089(3) 0.012(2) 0.042(2) -0.0104(17)
0(6) 0.083(4) 0.091(4) 0.024(2) 0.000 -0.007(2) 0.000
0(7) 0.066(2) 0.073(2) 0.063(2) -0.0275(19) 0.045(2) -0.0136(19)
0(8) 0.0401(16) 0.0473(18) 0.0437(17) -0.0004(13) 0.0122(14) 0.0119(13)
0(9) 0.062(2) 0.0531(19) 0.0219(13) 0.0030(12) 0.0163(13) 0.0053(15)
0(10) 0.0262(13) 0.0477(18) 0.0436(16) -0.0069(14) -0.0009(12) 0.0007(12)
Cs(l) 0.146(7) 0.031(2) 0.062(2) 0.000 0.063(3) 0.000
Cs(2) 0.239(16) 0.107(6) 0.134(9) 0.000 -0.024(7) 0.000
Cs(3) 0.110(4) 0.115(4) 0.126(4) 0.000 -0.035(4) 0.000
Cs(2A) 0.044(4) 0.058(4) 0.0370(18) 0.000 0.011(3) 0.000
Cs(3A) 0.187(10) 0.0367(18) 0.230(11) 0.000 0.021(6) 0.000
Cs(2B) 0.068(7) 0.063(6) 0.072(4) -0.022(4) 0.005(5) -0.011(4)
Cs(2C) 0.157(9) 0.33(2) 0.260(14) -0.192(15) 0.119(10) -0.095(12)
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Crystallographic Tables for Cs-CIinoptilolite at 300°C.

Figure 1: Asymmetric unit with thermal ellipsoids drawn at 50% confidence level.
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Table 1. Crystal data and structure refinement for Cs-Clinoptilolite at 300°C.

Expected chemical formula 
Chemical formula

Formula weight
Temperature
X
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient |li 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F^>2a 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F^>2a]
R indices (all data) 
Goodness-of-fit on F  ̂
Largest and mean shift/su 
Largest diff. peak and hole

Cs^Al^Sigo O72
C s  12.36(20) Cs1Ao,88(24)Cs2o.56(28) Cs3].36(40) 
Cs3Ao.28(20) Cs3Bo.40(40) Cs3Ci..36(40) A le  Si30 

072
2954.04 
573(2) K 
0.69040 Â 
Monoclinic 
C2/m

a = 17.170(17) Â a  = 90°
b = 17.683(17) Â P = 113.27(2)°
c = 7.456(7) Â Y = 90°
2080(3)
1
2.359 g/cm^
3.217 mm“^
1404
2.88 to 29.04°
h -23 to 13, k -24 to 23,1 -10 to 9
98.1 %
5256
2749 (Rint = 0.0212)
1911
0.8304 and 0.9685 
direct methods
Full-matrix least-squares on F  ̂
0.1378,0.0000 
2749/61/  178 
R1 =0.0718, wR2 = 0.1832 
R1 =0.0912, wR2 = 0.1927 
0.942
0.006 and 0.000 
1.685 and -0.762 e
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â^) for Cs- 
Clinoptilolite at 300°C. Ueq is defined as one third of the trace of the orthogonalized U'-" 
tensor.

X y z Ueq Partial
Occupa

Al(l) 0.21026(8) 0.08935(8) 0.41698(18) 0.0240(3) 0.75
Si(l) 0.21026(8) 0.08935(8) 0.41698(18) 0.0240(3) 0.25
Si(2) 0.06825(8) 0.20820(8) 0.21466(18) 0.0277(3)
Si(3) 0.21190(8) 0.31316(8) 0.20114(18) 0.0278(3)
Si(4) 0.32169(8) 0.16713(8) 0.23649(18) 0.0263(3)
Si(5) 0.5000 0.21673(12) 0.5000 0.0283(4)
0(1) 0.1887(4) 0.0000 0.4153(11) 0.0547(16)
0(2) 0.1214(3) 0.1326(3) 0.2990(9) 0.0677(15)
0(3) 0.2551(3) 0.1171(3) 0.6451(6) 0.0586(12)
0(4) 0.2734(3) 0.1010(3) 0.3022(7) 0.0542(11)
0(5) 0.1264(3) 0.2781(3) 0.2076(9) 0.0632(14)
0(6) 0.0000 0.1882(5) 0.0000 0.072(2)
0(7) 0.0183(3) 0.2299(3) 0.3502(7) 0.0611(14)
0(8) 0.2855(3) 0.2505(3) 0.2516(6) 0.0480(10)
0(9) 0.1912(3) 0.3512(3) -0.0122(5) 0.0496(11)
0(10) 0.4214(2) 0.1613(2) 0.3815(6) 0.0470(10)
Cs(l) 0.31584(15) 0.5000 0.1056(2) 0.0868(8) 0.59(5)
Cs(lA) 0.3662(8) 0.4583(7) 0.1245(15) 0.148(4) 0.11(3)
Cs(2) 0.4589(12) 0.5000 0.084(2) 0.205(9) 0.14(7)
Cs(3) 0.4387(11) 0.0000 0.608(3) 0.107(3) 0.17(5)
Cs(3A) 0.4290(11) 0.0258(13) 0.676(4) 0.120(4) 0.07(5)
Cs(3B) 0.5000 0.087(2) 1.0000 0.164(17) 0.05(5)
Cs(3C) 0.4738(8) 0.0000 0.5456(17) 0.125(4) 0.17(5)
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0(6M)-Cs(2)-0(2K) 42.85(13) 0(6A)-Cs(2)-0(2K) 121.9(5)
0(2E)-Cs(2)-0(2K) 143.1(6) 0(2A)-Cs(2)-0(2K) 83.3(4)
0(6M)-Cs(2)-0(1A) 85.6(3) 0(2E)-Cs(2>-0(1A) 125.7(4)
0(2A)-Cs(2)-0(1A) 43.0(2) 0(6M)-Cs(2)-0(1M) 83.3(3)
0(2E)-Cs(2)-0(1M) 42.0(2) 0(2A)-Cs(2)-0(1M) 120.5(4)
0(1A)-Cs(2)-0(1M) 144.6(6) 0(10B)-Cs(3)-0(10) 121.5(7)
O(10)-Cs(3)-O(4B) 103.5(3) O(10)-Cs(3)-O(4) 46.12(15)
0(4B)-Cs(3)-0(4) 64.1(3) O(10B)-Cs(3)-Cs(3AF) 76.2(4)
0(10B)-Cs(3)-0(10F) 127.4(8) 0(10)-Cs(3)-0(10F) 42.7(2)
O(4B)-Cs(3)-O(10F) 142.0(6) O(4)-Cs(3)-O(10F) 88.4(2)
0(10B)-Cs(3C)-0(10) 134.4(4) 0(10)-Cs(3C>-0(10F) 47.38(16)
0(10)-Cs(3C)-0(10G) 156.4(6) 0(10F)-Cs(3C)-0(10G) 119.6(4)
O(10B)-Cs(3C)-O(4B) 44.31(15) O(10)-Cs(3C)-O(4B) 100.6(3)
O(10F)-Cs(3C)-O(4B) 148.0(3) O(10G)-Cs(3C)-O(4B) 90.25(14)
O(10)-Cs(3A)-O(4) 47.1(2) O(10)-Cs(3A)-O(3) 78.3(4)
0(4)-Cs(3A)-0(3) 48.4(3) 0(10)-Cs(3A)-0(10F) 43.4(3)
O(4)-Cs(3A)-O(10F) 90.5(4) O(3)-Cs(3A)-O(10F) 109.1(6)
0(5P)-Cs(3B)-0(5C) 83.1(9) 0(5C)-Cs(3B)-0(9C) 46.5(3)
0(5C)-Cs(3B)-0(9P) 102.8(8) 0(9C)-Cs(3B)-0(9P) 143.7(12)

Symmetry operations for equivalent atoms
A —x+1/2,—y+1/2,—z B x,-y,z C —x+1/2,—y+1/2,—z+1
D x-l/2,y-l/2,z E x+l/2,-y+l/2,z F -x+1,y,-z+1
G -x+ l,-y ,-z+ l H -x,y,-z I X,-•y+l,z
J —x+1/2,y+1/2,—z+1 K —x+1/2,y+1/2,—z L —x+1,—y+1,—z
M x+l/2,y+l/2,z N —x+1,—y,—z+2 0  —x+1,y,—z+2
p x+1/2,—y+l/2,z+l
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Table 4. Anisotropic displacement parameters (Â )̂ for Cs-Clinoptilolite at 300°C. The 
anisotropic displacement factor exponent takes the form: -27i [̂h^a*^U  ̂' + 2hka*b*U’̂ ]

u ' ' jj22 U23 Ul3 jjl2

Al(l) 0.0300(7) 0.0190(6) 0.0238(6) 0.0005(5) 0.0116(5) 0.0000(5)
Si(l) 0.0300(7) 0.0190(6) 0.0238(6) 0.0005(5) 0.0116(5) 0.0000(5)
Si(2) 0.0231(6) 0.0366(7) 0.0234(6) 0.0014(5) 0.0091(5) 0.0034(5)
Si(3) 0.0313(7) 0.0313(7) 0.0225(6) -0.0009(5) 0.0123(5) -0.0015(5)
Si(4) 0.0204(6) 0.0357(7) 0.0220(6) 0.0016(5) 0.0073(5) 0.0004(5)
Si(5) 0.0203(8) 0.0416(11) 0.0242(8) 0.000 0.0101(7) 0.000
0(1) 0.068(4) 0.029(3) 0.078(5) 0.000 0.039(4) 0.000
0(2) 0.048(3) 0.050(3) 0.092(4) 0.016(3) 0.014(3) 0.017(2)
0(3) 0.080(3) 0.055(3) 0.036(2) -0.0130(19) 0.018(2) -0.005(2)
0(4) 0.058(3) 0.059(3) 0.059(3) -0.001(2) 0.037(2) -0.011(2)
0(5) 0.056(3) 0.053(3) 0.092(4) 0.005(3) 0.042(3) -0.013(2)
0(6) 0.079(5) 0.086(5) 0.028(3) 0.000 -0.003(3) 0.000
0(7) 0.063(3) 0.076(3) 0.063(3) -0.027(2) 0.044(3) -0.012(3)
0(8) 0.046(2) 0.048(2) 0.047(2) 0.0001(19) 0.0145(19) 0.0158(18)
0(9) 0.063(3) 0.059(3) 0.0279(19) 0.0034(17) 0.0190(19) 0.007(2)
0(10) 0.0251(16) 0.051(2) 0.053(2) -0.0042(19) 0.0021(16) -0.0003(16)
Cs(l) 0.1273(17) 0.0597(10) 0.0704(9) 0.000 0.0358(9) 0.000
Cs(lA) 0.164(7) 0.134(6) 0.134(6) -0.054(4) 0.046(5) -0.045(5)
Cs(2) 0.223(13) 0.166(11) 0.192(12) 0.000 0.045(8) 0.000
Cs(3) 0.115(5) 0.072(5) 0.111(6) 0.000 0.020(4) 0.000
Cs(3C) 0.145(6) 0.060(3) 0.152(6) 0.000 0.037(5) 0.000
Cs(3A) 0.122(6) 0.091(6) 0.125(7) 0.014(5) 0.027(5) 0.020(5)
Cs(3B) 0.153(19) 0.149(19) 0.18(2) 0.000 0.055(11) 0.000
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Crystallographic Tables for K-Clinoptilolite at Ambient Temperature

Figure 1: Asymmetric unit with thermal ellipsoids drawn at 50% confidence level
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Table 1. Crystal data and structure refinement for K- Clinoptilolite at ambient temperature.

Identification code 
Expected chemical formula 
Chemical formula

Formula weight
Temperature
À
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p, 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F^>2a 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [FV2q]
R indices (all data) 
Goodness-of-fit on F  ̂
Largest and mean shift/su 
Largest diff. peak and hole

a  = 90°
P= 113.9190(10)^ 
Y = 90°

ri79
KôAlôSiso O72 'XH2O
K l3.56(20) K21.52(28) K3q.92(28) Al6 SlgQ O72
6.75H2O 
2391.18 
291(2) K 
0.69040 Â 
Monoclinic 
C2/m

a = 17.4195(5) Â 
b=  17.9739(6) Â 
c = 7.4131(2) Â 
2121.68( 11)
1
1.871 g/cm^
0.910 mm"*
1188
2.20 to 29.11°
h -24 to 18, k -24 to 23,1 -10 to 9 
98.8%
7256
2895 (Rint = 0.0279)
2337
0.9645 and 0.9910 
direct methods
Full-matrix least-squares on F̂
0.1464, 0.0000 
2895 / 1 / 156
R1 =0.0685, wR2 = 0.1941 
R1 = 0.0748, wR2 = 0.2000 
1.039
0.003 and 0.000 
2.142 and -0.779 e A"̂
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â )̂ for K- 
Clinoptilolite at ambient temperature. Ugq is defined as one third of the trace of the 
orthogonalized U'̂  tensor.

X y z Ugq Partial
Occupa

Al(l) 0.21408(6) 0.08881(5) 0.42217(14) 0.0132(3) 0.75
Si(l) 0.21408(6) 0.08881(5) 0.42217(14) 0.0132(3) 0.25
Si(2) 0.06729(6) 0.20349(5) 0.21660(13) 0.0156(3)
Si(3) 0.20855(6) 0.31024(5) 0.20150(13) 0.0157(3)
Si(4) 0.32096(6) 0.16920(5) 0.24078(13) 0.0151(3)
Si(5) 0.5000 0.21771(8) 0.5000 0.0164(3)
0 (1 ) 0.1955(3) 0.0000 0.4319(8) 0.0383(11)
0(2) 0.12230(19) 0.13063(17) 0.3172(5) 0.0324(7)
0(3) 0.2353(2) 0.38016(18) 0.3516(4) 0.0333(7)
0(4) 0.2714(2) 0.10139(17) 0.2928(5) 0.0303(7)
0(5) 0.1235(2) 0.27181(19) 0.2002(6) 0.0390(8)
0(6) 0.0000 0.1785(3) 0.0000 0.0371(11)
0(7) 0.0140(2) 0.22899(19) 0.3411(5) 0.0357(7)
0(8) 0.28517(19) 0.25028(17) 0.2668(4) 0.0307(7)
0(9) 0.1886(2) 0.34455(18) -0.0162(4) 0.0305(7)
0 (1 0 ) 0.41985(17) 0.16405(16) 0.3920(4) 0.0273(6)
K(l) 0.25505(13) 0.5000 0.0704(3) 0.0456(6) 0.89(5)
K(2) 0.0281(4) 0.0000 0.3941(13) 0.087(3) 0.38(7)
K(3) 0.4326(8) 0.0000 0.5292(19) 0.099(6) 0.23(7)
0(1W) 0.0000 0.0000 0.0000 0.046(5) = K2
0(2W) -0.1048(6) -0.0926(5) 0.2282(13) 0.040(2) = K2
0(3W) 0.0807(11) 0.5000 -0.125(2) 0.155(5) = K1
0(4W) 0.0000 0.564(4) 0.0000 0.81(7) = K3
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Table 4. Anisotropic displacement parameters (Â )̂ for K- Clinoptilolite at ambient 
temperature. The anisotropic displacement factor exponent takes the form: -27i [̂h^a*^U^* + 
...+ 2hka*b*U‘̂ l

u " U22 U33 U23 Ul3 Ul2

Al(l) 0.0156(5) 0.0112(4) 0.0134(5) 0.0001(3) 0.0066(4) -0.0008(3)
Si(l) 0.0156(5) 0.0112(4) 0.0134(5) 0.0001(3) 0.0066(4) -0.0008(3)
Si(2) 0.0143(5) 0.0199(5) 0.0136(4) 0.0008(3) 0.0067(4) 0.0006(3)
Si(3) 0.0168(5) 0.0186(5) 0.0130(4) 0.0000(3) 0.0074(4) -0.0008(3)
Si(4) 0.0131(5) 0.0200(5) 0.0130(4) 0.0013(3) 0.0060(4) 0.0000(3)
Si(5) 0.0142(6) 0.0213(6) 0.0156(6) 0.000 0.0080(5) 0.000
0(1) 0.049(3) 0.0201(19) 0.057(3) 0.000 0.033(3) 0.000
0(2) 0.0258(15) 0.0281(15) 0.0390(17) 0.0065(12) 0.0087(13) 0.0061(12)
0(3) 0.0385(18) 0.0339(16) 0.0235(14) -0.0059(12) 0.0084(13) 0.0035(13)
0(4) 0.0341(16) 0.0313(15) 0.0328(15) -0.0012(12) 0.0210(13) -0.0076(13)
0(5) 0.0317(16) 0.0345(17) 0.056(2) 0.0050(14) 0.0233(16) -0.0090(13)
0(6) 0.038(3) 0.044(3) 0.0170(18) 0.000 -0.0014(18) 0.000
0(7) 0.0382(17) 0.0411(18) 0.0388(17) -0.0149(14) 0.0272(15) -0.0046(14)
0(8) 0.0273(15) 0.0288(15) 0.0322(15) -0.0037(12) 0.0082(13) 0.0090(12)
0(9) 0.0421(18) 0.0338(15) 0.0169(13) 0.0019(11) 0.0134(13) 0.0026(13)
0(10) 0.0170(12) 0.0292(14) 0.0307(15) 0.0004(11) 0.0043(11) 0.0012(11)
K(l) 0.0546(12) 0.0263(8) 0.0501(11) 0.000 0.0151(9) 0.000
K(2) 0.045(3) 0.072(4) 0.128(7) 0.000 0.019(4) 0.000
K(3) 0.087(8) 0.041(5) 0.096(9) 0.000 -0.037(7) 0.000
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Crystallographic Tables for K-Clinoptilolite at 200°C.

Figure 1: Asymmetric unit with thermal ellipsoids drawn at 50% confidence level.
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Table 1. Crystal data and structure refinement for K-Clinoptilolite at 200°C.

Expected chemical formula 
Chemical formula

Formula weight
Temperature
X
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F^>2a 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F^>2a]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

a  = 90°
P= 113.966(9)° 
Y = 90°

KôAlôSiso O72

K l2.64(36) KIA2.64O6) K2i 60(60) K3o.72(24) Alô SI30 
072
2391.18 
473(2) K 
0.69040 Â 
Monoclinic 
C2/m

a = 17.393(7) Â 
b=  17.835(7) Â 
c = 7.408(3) Â 
2099.9(15)
I
1.891 g/cm^
0.920 mm"'
1188
2.22 to 29.01°
h -24 to 23, k -23 to 22,1 -10 to 9 
98.8%
7053
2803 (Rint = 0.0180)
2303
direct methods
Full-matrix least-squares on F^
0.0700, 0.0000 
2803 / 1 / 153
RI =0.0412, wR2 = 0.1001 
RI =0.0477, wR2 = 0.1028 
0.975
0.001 and 0.000 
0.580 and -0.503 e Â"̂
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â^) for K- 
Clinoptilolite at 200°C. Ugq is defined as one third of the trace of the orthogonalized U'̂  
tensor.

X y z Ugq Partial
Occupa

Al(l) 0.28563(4) 0.41109(3) -0.42093(8) 0.02210(15) 0.75
Si(l) 0.28563(4) 0.41109(3) -0.42093(8) 0.02210(15) 0.25
Si(2) 0.43295(4) 0.29724(4) -0.21460(8) 0.02633(15)
Si(3) 0.29205(4) 0.18952(3) -0.19872(8) 0.02512(15)
Si(4) 0.17781(3) 0.33181(3) -0.23811(8) 0.02349(14)
Si(5) 0.0000 0.28054(5) -0.5000 0.02690(19)
0 (1 ) 0.3036(2) 0.5000 -0.4347(6) 0.0640(9)
0(2) 0.37751(13) 0.37097(12) -0.3081(3) 0.0557(5)
0(3) 0.26315(14) 0.11968(12) -0.3529(3) 0.0540(5)
0(4) 0.22733(12) 0.39981(10) -0.2928(3) 0.0446(4)
0(5) 0.37635(13) 0.22797(12) -0.1980(4) 0.0585(6)
0(6) 0.5000 0.32439(19) 0.0000 0.0586(8)
0(7) 0.48349(13) 0.27256(12) -0.3452(3) 0.0518(5)
0(8) 0.21640(11) 0.25032(10) -0.2516(3) 0.0425(4)
0(9) 0.31268(13) 0.14987(11) 0.0142(2) 0.0427(4)
0 (1 0 ) 0.07934(11) 0.33543(11) -0.3876(3) 0.0441(4)
K(l) 0.2571(4) 0.0000 -0.0762(8) 0.0974(15) 0.66(9)
K(1A) 0.2969(12) 0.0000 -0.048(3) 0.132(7) 0.66(9)
K(2) 0.5187(4) 0.5000 0.0569(16) 0.147(4) 0.4(15)
K(3) 0.0585(12) 0.5000 -0.493(2) 0.215(12) 0.18(6)
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Symmetry operations for equivalent atoms
A -x+ l/2 ,-y+ l/2 ,-z-l B -x+ l,-y+ l,-z  C -x+l/2,-y+l/2,-z 
D X—1/2,—y+l/2,z E —x,y,—z—1 F x,—y+l,z
G -x+l,y ,-z H x,-y,z I -x+l/2 ,y-l/2 ,-z 
J —x+l/2,y—1/2,—z—1 K —X,—y+1,—z—1 L x—l/2,y+l/2,z—1
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Table 4. Anisotropic displacement parameters (Â )̂ for K-Clinoptilolite at 200°C. The 
anisotropic displacement factor exponent takes the form; -27i^[h\*^U^' + 2hka*b*U^^]

u " jj22 jj23 Ul3 Ul2

Al(l) 0.0274(3) 0.0165(3) 0.0237(3) 0.0006(2) 0.0118(2) -0.0002(2)
Si(l) 0.0274(3) 0.0165(3) 0.0237(3) 0.0006(2) 0.0118(2) -0.0002(2)
Si(2) 0.0214(3) 0.0356(3) 0.0220(3) 0.0020(2) 0.0088(2) 0.0024(2)
Si(3) 0.0279(3) 0.0273(3) 0.0210(3) 0.0000(2) 0.0108(2) -0.0003(2)
Si(4) 0.0193(3) 0.0297(3) 0.0211(3) 0.0019(2) 0.0079(2) 0.0000(2)
Si(5) 0.0189(4) 0.0397(5) 0.0225(4) 0.000 0.0088(3) 0.000
0(1) 0.087(2) 0.0250(12) 0.105(3) 0.000 0.065(2) 0.000
0(2) 0.0431(11) 0.0534(12) 0.0662(14) 0.0169(10) 0.0177(10) 0.0161(9)
0(3) 0.0637(13) 0.0547(12) 0.0352(9) -0.0130(9) 0.0114(10) 0.0046(10)
0(4) 0.0469(11) 0.0454(10) 0.0504(10) 0.0022(8) 0.0288(9) -0.0101(8)
0(5) 0.0479(12) 0.0552(12) 0.0808(16) 0.0117(11) 0.0346(11) -0.0109(9)
0(6) 0.0596(19) 0.078(2) 0.0253(12) 0.000 0.0040(13) 0.000
0(7) 0.0528(12) 0.0655(13) 0.0491(11) -0.0178(9) 0.0331(10) -0.0055(10)
0(8) 0.0401(10) 0.0368(9) 0.0454(10) -0.0013(8) 0.0120(8) 0.0126(7)
0(9) 0.0587(12) 0.0434(10) 0.0273(8) 0.0041(7) 0.0189(8) 0.0060(8)
0(10) 0.0231(8) 0.0515(11) 0.0465(10) -0.0020(8) 0.0027(7) -0.0007(7)
K(l) 0.153(5) 0.0374(11) 0.097(2) 0.000 0.047(3) 0.000
K(1A) 0.160(14) 0.026(3) 0.166(10) 0.000 0.022(9) 0.000
K(2) 0.072(5) 0.129(4) 0.222(12) 0.000 0.040(5) 0.000
K(3) 0.30(2) 0.084(8) 0.134(11) 0.000 -0.047(14) 0.000
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Crystallographic Tables for K-Clinoptilolite at 300 C.

Figure 1: Asymmetric unit with thermal ellipsoids drawn at 50% confidence level.

0 (6 )
K(2)
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Table 1. Crystal data and structure refinement for K-Clinoptilolite at 300°C.

Expected chemical formula 
Chemical formula 
Formula weight 
Temperature 
À

Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient |Li 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F^>2a 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [FS2cj]
R indices (all data) 
Goodness-of-fit on F  ̂
Largest and mean shift/su 
Largest diff. peak and hole

Kô AlgSiso O72
K13.52(20) K2q.42(24) K33.32(24) A^ Sl30 O72
2391.18 
573(2) K 
0.69040 Â 
Monoclinic 
C2/m

a = 17.116(18) Â a  = 90°
b=  17.616(18) Â (3= 113.08(2)°
c = 7.316(8) À Y = 90°
2029(4)
1
1.957 g/cm^
0.952 mm"*
1188
2.25 to 29.29°
h -24 to 23, k -24 to 23,1 -10 to 8 
98.9%
6918
2812 (Rint = 0.0328)
2162
0.9629 and 0.9905 
direct methods
Full-matrix least-squares on F^
0.0724, 0.0000 
2812/1/144
R1 =0.0480, wR2 = 0.1175 
R1 =0.0585, wR2 = 0.1208 
0.996
0.000 and 0.000 
0.630 and -0.576 e A"̂
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â )̂ for K- 
Clinoptilolite at 300°C. Ueq is defined as one third of the trace of the orthogonalized U'̂
tensor.

X y z Ueq Partial
Occupan

Al(l) 0.28508(5) 0.41095(4) -0.42036(11) 0.02213(18) 0.75
Si(l) 0.28508(5) 0.41095(4) -0.42036(11) 0.02213(18) 0.25
Si(2) 0.43235(5) 0.29773(5) -0.21437(11) 0.02673(19)
Si(3) 0.29170(5) 0.19016(4) -0.19943(11) 0.02529(18)
Si(4) 0.17742(5) 0.33195(4) -0.23669(10) 0.02375(18)
Si(5) 0.0000 0.28010(7) -0.5000 0.0282(3)
0 (1 ) 0.3015(3) 0.5000 -0.4389(7) 0.0646(12)
0(2) 0.37776(17) 0.37217(16) -0.3040(4) 0.0587(7)
0(3) 0.26304(19) 0.12146(16) -0.3538(4) 0.0562(7)
0(4) 0.22653(17) 0.40017(14) -0.2917(4) 0.0461(6)
0(5) 0.37581(18) 0.22883(17) -0.1975(5) 0.0615(8)
0(6) 0.5000 0.3237(3) 0.0000 0.0617(11)
0(7) 0.48196(18) 0.27285(17) -0.3472(4) 0.0549(7)
0(8) 0.21610(15) 0.25044(13) -0.2496(3) 0.0440(6)
0(9) 0.31228(17) 0.14960(14) 0.0121(3) 0.0441(6)
0 (1 0 ) 0.07874(14) 0.33566(14) -0.3842(4) 0.0458(6)
K(l) 0.2616(2) 0.0000 -0.0771(4) 0.1131(11) 0.88(5)
K(2) 0.5000 0.5000 0.0000 0.215(5) 0.21(12)
K(3) 0.0552(13) 0.5000 -0.491(2) 0.213(13) 0.83(6)
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Table 4. Anisotropic displacement parameters (Â )̂ for K-Clinoptilolite at 300°C. The 
anisotropic displacement factor exponent takes the form: -27i^[h^a*^U^’ + ...+ 2hka*b*U^^]

u'^ jj22 U33 U23 Ul3 Ul2

Al(l) 0.0289(4) 0.0166(3) 0.0223(4) 0.0002(3) 0.0116(3) -0.0004(3)
Si(l) 0.0289(4) 0.0166(3) 0.0223(4) 0.0002(3) 0.0116(3) -0.0004(3)
Si(2) 0.0218(4) 0.0371(4) 0.0212(3) 0.0024(3) 0.0084(3) 0.0023(3)
Si(3) 0.0300(4) 0.0268(4) 0.0200(3) -0.0008(3) 0.0109(3) -0.0004(3)
Si(4) 0.0200(4) 0.0305(4) 0.0203(3) 0.0025(3) 0.0075(3) 0.0003(3)
Si(5) 0.0204(5) 0.0426(6) 0.0221(5) 0.000 0.0088(4) 0.000
0(1) 0.097(3) 0.0225(16) 0.104(3) 0.000 0.071(3) 0.000
0(2) 0.0462(16) 0.0547(16) 0.0712(19) 0.0195(14) 0.0186(14) 0.0178(13)
()(3) 0.0690(19) 0.0566(16) 0.0349(13) -0.0158(12) 0.0117(12) 0.0026(14)
0(4) 0.0513(15) 0.0442(13) 0.0532(14) 0.0027(11) 0.0316(12) -0.0093(11)
()(5) 0.0494(16) 0.0595(16) 0.086(2) 0.0122(15) 0.0374(15) -0.0126(13)
0(6) 0.061(3) 0.084(3) 0.0272(17) 0.000 0.0033(17) 0.000
0(7) 0.0545(16) 0.0718(18) 0.0520(15) -0.0163(13) 0.0357(13) -0.0051(13)
()(8) 0.0428(13) 0.0392(12) 0.0461(13) -0.0006(11) 0.0132(11) 0.0141(10)
0(9) 0.0621(16) 0.0465(13) 0.0276(11) 0.0057(9) 0.0218(11) 0.0088(11)
0(10) 0.0248(11) 0.0557(15) 0.0468(14) -0.0032(11) 0.0032(10) -0.0005(10)
K(l) 0.188(3) 0.0367(9) 0.1148(19) 0.000 0.0599(19) 0.000
K(2) 0.191(7) 0.111(4) 0.412(13) 0.000 0.191(8) 0.000
K(3) 0.31(3) 0.092(8) 0.124(11) 0.000 -0.040(16) 0.000
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Crystallographic Tables for Na-Clinoptilolite at Ambient Temperature

F ig u re  1: A sy m m e tric  un it w ith therm al e llip so id s d raw n  at 50%  co n fid e n ce  level.

Si(5)

0(3W')

0(3W)

0(2W)

0(4W)
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Table 1. Crystal data and structure refinement for Na- Clinoptilolite at ambient temperature.

Identification code 
Expected chemical formula 
Chemical formula

Formula weight
Temperature
À
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25,00° 
Reflections collected 
Independent reflections 
Reflections with F^>2a 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F^>2a]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

ri94
Na  ̂Al̂ Sigo O72 XH2O
N a l 1.96(36) Na22.24(24) N a31.76(32) Al6Si30 O72
6.9H2O
2294.52 
291(2) K 
0.69040 Â 
Monoclinic 
C2/m

a = 17.4030(10) Â a  = 90°
b = 18.0120(10) Â P = 113.812(2)°
c = 7.4350(10) Â Y = 90°
2132.2(3)
1
1.787 g/cm^
0.643 mm“'
1140
2.49 to 28.90°
h -23 to 17, k -25 to 19,1 -10 to 10 
99.0 %
7196
2900 (Rim = 0.0316)
2286
0.9385 and 0.9936 
direct methods
Full-matrix least-squares on F  ̂
0 . 1011, 0.0000 
2900 / 1/170
R1 =0.0515, wR2 = 0.1486 
R1 =0.0612, wR2 = 0.1537 
1.015
0.000 and 0.000 
0.847 and -0.616 e
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â^) for Na- 
Clinoptilolite at ambient temperature. Ugq is defined as one third of the trace of the 
orthogonalized tensor.

X y z Ueq Partial
Occupa

Si(l) 0.28668(5) 0.41043(5) -0.42241(13) 0.0139(2) 0.25
Al(l) 0.28668(5) 0.41043(5) -0.42241(13) 0.0139(2) 0.75
Si(2) 0.43308(5) 0.29740(5) -0.21778(13) 0.0172(2)
Si(3) 0.29096(5) 0.19030(5) -0.20184(12) 0.0161(2)
Si(4) 0.17884(5) 0.32962(5) -0.23859(13) 0.0165(2)
Si(5) 0.0000 0.28376(7) -0.5000 0.0174(3)
0(1) 0.3023(2) 0.5000 -0.4351(6) 0.0282(8)
0(2) 0.38048(16) 0.37140(15) -0.3208(4) 0.0320(6)
()(3) 0.26679(18) 0.12017(15) -0.3503(4) 0.0312(6)
0(4) 0.23241(18) 0.39505(17) -0.2859(4) 0.0356(7)
(3(5) 0.37283(19) 0.23107(18) -0.2050(5) 0.0423(8)
0(6) 0.5000 0.3216(2) 0.0000 0.0352(9)
0(7) 0.48607(19) 0.26944(19) -0.3422(4) 0.0395(7)
(3(8) 0.21242(16) 0.24730(16) -0.2631(4) 0.0326(6)
(3(9) 0.3134(2) 0.15660(17) 0.0155(4) 0.0364(7)
0(10) 0.08041(16) 0.33784(15) -0.3909(4) 0.0302(6)
Na(l) 0.2781(6) 0.5000 0.0465(10) 0.080(3) 0.49(9)
Na(2) 0.4604(3) 0.5000 -0.3303(8) 0.0605(18) 0.56(6)
Na(3) 0.3321(5) 0.0000 -0.1667(9) 0.049(2) 0.44(8)
0(1W) 0.5000 0.5000 0.0000 0.063(5) = Nal
0(2W) 0.5742(6) 0.5776(5) -0.3232(18) 0.099(4) = Na2
0(3W) 0.4120(8) 0.0000 -0.406(2) 0.077(5) = Na3
0(3W ) 0.430(3) 0.0000 0.166(7) 0.241(18) = Na3
0(4W) 0.5000 0.091(3) 0.0000 0.52(3) = Nal
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Symmetry operations for equivalent atoms
A -x+ l/2 ,-y+ l/2 ,-z-l B -x+l/2,-y+l/2,-z C x-l/2,-y+l/2,z 
D -x ,y ,-z -l E x,-y+I,z F -x+I,y,-z 
G -x+ l,-y+ l,-z  H -x + l,-y + l,-z -l I -x+ l,y ,-z-l 
J X,—y,z K —x+1/2,y—1/2,—z— 1
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Table 4. Anisotropic displacement parameters (Â )̂ for Na- Clinoptilolite at ambient 
temperature. The anisotropic displacement factor exponent takes the form: -27i^[h^a*^U^’
...-H 2hka*b*U*1

u " jj22 U23 Ul3 Ul2

Si(l) 0.0152(4) 0.0134(4) 0.0132(4) -0.0007(3) 0.0059(3) -0.0006(3)
Al(l) 0.0152(4) 0.0134(4) 0.0132(4) -0.0007(3) 0.0059(3) -0.0006(3)
Si(2) 0.0149(4) 0.0219(5) 0.0146(4) -0.0001(3) 0.0057(3) 0.0014(3)
Si(3) 0.0171(4) 0.0183(4) 0.0123(4) -0.0011(3) 0.0055(3) -0.0002(3)
Si(4) 0.0142(4) 0.0211(5) 0.0138(4) 0.0014(3) 0.0052(3) 0.0002(3)
Si(5) 0.0152(6) 0.0229(6) 0.0148(5) 0.000 0.0068(4) 0.000
0(1) 0.036(2) 0.0207(17) 0.0324(19) 0.000 0.0185(16) 0.000
0(2) 0.0272(13) 0.0273(14) 0.0367(15) 0.0053(11) 0.0077(11) 0.0061(11)
0(3) 0.0398(15) 0.0279(14) 0.0226(12) -0.0090(10) 0.0093(11) 0.0020(11)
0(4) 0.0385(15) 0.0375(16) 0.0395(16) -0.0059(13) 0.0247(13) -0.0131(12)
0(5) 0.0323(15) 0.0412(17) 0.058(2) 0.0008(15) 0.0237(15) -0.0098(13)
0(6) 0.037(2) 0.039(2) 0.0191(18) 0.000 0.0007(16) 0.000
0(7) 0.0365(15) 0.0530(19) 0.0372(16) -0.0184(14) 0.0235(13) -0.0018(14)
0(8) 0.0261(13) 0.0318(15) 0.0347(15) -0.0058(12) 0.0068(11) 0.0093(11)
0(9) 0.0553(19) 0.0377(16) 0.0177(12) 0.0046(11) 0.0163(13) 0.0071(13)
0(10) 0.0189(12) 0.0301(14) 0.0340(14) -0.0023(11) 0.0029(10) -0.0006(10)
Na(l) 0.124(7) 0.047(4) 0.045(4) 0.000 0.009(4) 0.000
Na(2) 0.020(2) 0.116(5) 0.048(3) 0.000 0.016(2) 0.000
Na(3) 0.079(5) 0.031(3) 0.036(3) 0.000 0.022(3) 0.000
0(1W) 0.096(12) 0.043(8) 0.024(6) 0.000 -0.002(7) 0.000
0(2W) 0.096(6) 0.084(6) 0.164(10) 0.061(6) 0.102(7) 0.028(5)
0(3W) 0.044(7) 0.083(10) 0.068(9) 0.000 -0.015(6) 0.000
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Crystallographic Tables for Na-Clinoptilolite at 200 C.

F igu re  1: A sy m m etric  un it w ith  therm al e llip so id s  d raw n  at 50%  co n fid e n ce  level.

0(6) 0(7)

No(3A)

Na(2)
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Table 1. Crystal data and structure refinement for Na-Clinoptilolite at 200°C,

Expected chemical formula 
Chemical formula

Formula weight
Temperature
À
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F^>2a 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F^>2a]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

a  = 90°
P= 114.898(12)' 
Y = 90°

NaôAlôSiso O72
Nal2.76(28) Na2],76(32) Na31.92(32) Na3Ao.24(36) 
Alg Si3o O72
2294.52 
473(2) K 
0.69040 Â 
Monoclinic 
C2/m

a = 16.945(13) Â 
b=  16.876(13) Â 
c = 7.369(6) Â 
1912(3)
1
1.993 g/cm^
0.717 mm"^
1140
2.93 to 29.14°
h —16 to 23, k —23 to 18,1 —10 to 10 
99.3%
6433
2610 (Rint = 0.0427)
1873
0.9719 and 0.9929 
direct methods
Full-matrix least-squares on F̂
0.0564, 0.0000 
2610/1/150
R1 =0.0433, wR2 = 0.1063 
R1 =0.0563, wR2 = 0.1089 
0.925
0.001 and 0.000 
0.850 and -0.440 e
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â^) for Na- 
Clinoptilolite at 200°C. Ueq is defined as one third of the trace of the orthogonalized U'̂  
tensor.

X y z Ueq Partial
Occupan

Si(l) 0.32117(6) 0.40915(5) -0.36574(13) 0.0197(2) 0.25
Al(l) 0.32117(6) 0.40915(5) -0.36574(13) 0.0197(2) 0.75
Si(2) 0.42809(5) 0.26053(5) -0.21354(12) 0.02151(19)
Si(3) 0.26115(6) 0.17743(5) -0.22644(12) 0.0235(2)
Si(4) 0.18275(5) 0.34557(5) -0.22108(12) 0.0227(2)
Si(5) 0.0000 0.31142(8) -0.5000 0.0239(3)
0 (1 ) 0.3601(2) 0.5000 -0.3202(5) 0.0329(7)
0(2) 0.40406(17) 0.35342(14) -0.2207(4) 0.0423(6)
0(3) 0.20917(16) 0.11130(15) -0.3935(3) 0.0371(6)
0(4) 0.23989(16) 0.40021(16) -0.3012(4) 0.0424(6)
0(5) 0.34181(17) 0.20743(17) -0.2686(4) 0.0494(7)
0(6) 0.5000 0.2372(2) 0.0000 0.0723(16)
0(7) 0.46745(18) 0.24537(18) -0.3736(4) 0.0543(8)
0(8) 0.19868(14) 0.25089(13) -0.2343(3) 0.0330(5)
0(9) 0.29124(16) 0.13085(14) -0.0140(3) 0.0372(6)
0(1 0 ) 0.07981(14) 0.36816(15) -0.3572(4) 0.0382(6)
Na(l) 0.2349(4) 0.0000 -0.1461(8) 0.098(2) 0.69(7)
Na(2) 0.5000 0.4626(4) 0.0000 0.092(3) 0.44(8)
Na(3A) 0.0000 0.5000 -0.5000 0.106(6) 0.48(8)
Na(3) 0.1042(14) 0.5000 -0.465(3) 0.055(8) 0.12(18)
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Table 3. Selected bond lengths [Â] and angles [°]for N a-C linoptilo lite at 200°C.

Si/Al(l)-0(4)
Si/Al(l)-0(2)
Si(2)-0(6)
Si(2)-0(5)
Si(3)-0(5)
Si(3)-0(3)
Si(4)-0(4)
Si(4)-0(9B)
Si(5)-0(7C)
Si(5)-O(10)
Na(l)-0(3)
Na(l)-0(9)
Na(2)-0(1)
Na(2)-0(1F)
Na(2)-0(2G)
Na(3)-0(4)
Na(3A)-O(10)
Na(3A)-O(10E)

0(4)-Si/A l(l)-0(l)
0(l)-Si/A l(l)-0(2)
0(1)-Si/Al(l)-0(3A)
0(6)-Si(2)-0(7)
0(7)-Si(2)-O(5)
0(7)-Si(2)-0(2)
0(5)-Si(3)-0(8)
0(8)-Si(3)-0(3)
0(8)-Si(3)-0(9)
0(4)-Si(4)-0(8)
0(8)-Si(4)-0(9B)
O(8)-Si(4)-O(10)
0(7C)-Si(5)-0(7A)
O(7A)-Si(5)-O(10)
O(7A)-Si(5)-O(10D)
0(9)-Na(l)-0(9H)
0(9)-Na(l)-0(3)
0(2)-Na(2)-0(2G)
0(2)-Na(2)-0(l)
0(10E)-Na(3A)-0(10)
0(10)-Na(3A)-0(10I)
O(10)-Na(3>-O(4E)
0(4E)-Na(3)-0(4)

1.643(3)
1.654(3)
1.5815(16)
1.614(3)
1.606(3)
1.620(2)
1.618(3)
1.647(3)
1.589(3)
1.629(2)
2.525(5)
2.440(4)
2.622(4)
2.622(4)
2.541(6)
2.692(17)
2.586(3)
2.586(3)

109.85(16)
103.83(15)
109.15(15)
107.93(14)
109.89(16)
107.96(16)
110.45(15)
111.28(14)
109.87(13)
113.40(14)
108.79(12)
110.46(13)
105.8(2)
109.55(15)
111.99(16)
129.7(2)
62.25(10)
87.0(3)
60.41(8)

118.70(11)
180.00(6)
130.6(8)
77.5(6)

Si/Al(l)-0(1)
Si/Al(l)-0(3A)
Si(2>-0(7)
Si(2)-0(2)
Si(3)-0(8)
Si(3)-0(9)
Si(4)-0(8)
Si(4)-O(10)
Si(5)-0(7A)
Si(5)-O(10D)
Na(l)-0(3H)
Na(l)-0(9H)
Na(2F)-0(l)
Na(2)-0(2)
Na(3)-0(4E)
Na(3)-O(10)
Na(3A)-O(10I)
Na(3A)-O(10D)

0(4)-Si/Al(l)-0(2)
0(4)-Si/Al(l)-0(3A)
0(2)-Si/Al(l)-0(3A)
0(6)-Si(2)-0(5)
0(6)-Si(2)-0(2)
0(5>-Si(2)-0(2)
0(5)-Si(3)-0(3)
0(5)-Si(3)-0(9)
0(3)-Si(3)-0(9)
0(4)-Si(4)-0(9B)
O(4)-Si(4)-O(10)
O(9B)-Si(4)-O(10)
O(7C)-Si(5)-O(10)
O(7C)-Si(5)-O(10D)
0(10)-Si(5)-0(10D)
0(9)-Na(l)-0(3H)
0(3H)-Na(l)-0(3)
0(2)-Na(2)-0(lF)
0(1F)-Na(2)-0(1)
0(10D)-Na(3A)-0(10)
0(10)-Na(3)-0(10E)
O(10)-Na(3)-O(4)

1.6472(18)
1.662(3)
1.601(3)
1.615(3)
1.615(3)
1.630(3)
1.630(3)
1.649(3)
1.589(3)
1.629(2)
2.525(5)
2.440(4)
2.622(4)
2.541(6)
2.692(17)
2.454(10)
2.586(3)
2.586(3)

110.38(15)
111.70(14)
111.62(14)
110.43(16)
110.60(18)
109.97(15)
107.76(15)
112.98(15)
104.35(14)
108.05(15)
106.77(15)
109.28(14)
111.99(16)
109.55(15)
108.02(19)
151.8(3)
96.1(2)

147.4(3)
152.1(3)
61.30(11)

130.1(10)
61.1(3)

Symmetry operations for equivalent atoms 
A —x+1/2,—y+1/2,—z—1 B —x+1/2,—y+1/2,—z
D -x ,y ,-z -l E x,-y+l,z F -x+ l,-y+ l,-z
G —x+l,y,—z H X,—y,z I —x,—y+1,—z—1

C X—1/2,—y+l/2,z
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Table 4. Anisotropic displacement parameters (Â^) for Na-Clinoptilolite at 200°C. The 
anisotropic displacement factor exponent takes the form: + ...+ 2hka*b*U^^]

u'' jj22 U 3 3 U 2 3 U l 3 y l 2

Si(l) 0.0235(4) 0.0155(4) 0.0201(4) -0.0003(3) 0.0092(3) -0.0005(3)
Al(l) 0.0235(4) 0.0155(4) 0.0201(4) -0.0003(3) 0.0092(3) -0.0005(3)
Si(2) 0.0211(4) 0.0241(4) 0.0172(4) -0.0002(3) 0.0060(3) 0.0028(3)
Si(3) 0.0256(4) 0.0231(4) 0.0204(4) -0.0019(3) 0.0084(3) -0.0017(3)
Si(4) 0.0198(4) 0.0265(4) 0.0197(4) -0.0002(3) 0.0064(3) 0.0006(3)
Si(5) 0.0191(6) 0.0334(7) 0.0209(5) 0.000 0.0101(5) 0.000
0 (1) 0.0347(18) 0.0242(16) 0.0390(18) 0.000 0.0148(15) 0.000
0 (2) 0.0451(15) 0.0279(13) 0.0459(15) 0.0039(11) 0.0113(12) 0.0103(11)
0(3) 0.0475(15) 0.0372(14) 0.0255(12) -0.0084(10) 0.0143(11) -0.0113(11)
0(4) 0.0386(14) 0.0454(15) 0.0502(16) 0.0045(12) 0.0256(12) -0.0053(12)
0(5) 0.0375(15) 0.0551(18) 0.0623(19) -0.0111(14) 0.0276(14) -0.0171(13)
0 (6) 0.090(3) 0.045(2) 0.031(2) 0.000 -0.025(2) 0.000
0(7) 0.0536(17) 0.068(2) 0.0570(18) -0.0199(15) 0.0380(15) -0.0003(15)
0 (8) 0.0353(13) 0.0274(12) 0.0313(12) 0.0005(10) 0.0092(10) 0.0058(10)
0(9) 0.0515(15) 0.0359(14) 0.0203(11) -0.0006(10) 0.0114(10) 0.0092(11)
0 (10) 0.0248(12) 0.0420(15) 0.0381(13) -0.0066(11) 0.0040(10) -0.0001(10)
Na(l) 0.144(5) 0.026(2) 0.102(4) 0.000 0.032(3) 0.000
Na(2) 0.052(4) 0.111(6) 0.074(5) 0.000 -0.011(3) 0.000
Na(3A) 0.150(13) 0.031(5) 0.114(9) 0.000 0.034(7) 0.000
Na(3) 0.069(17) 0.018(9) 0.074(15) 0.000 0.025(11) 0.000
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Crystallographic Tables for Na-Clinoptilolite at 300°C.

Figure 1: Asymmetric unit with thermal ellipsoids drawn at 50% confidence level.
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Table 1. Crystal data and structure refinement for Na-Clinoptilolite at 300°C.

Expected chemical formula 
Chemical formula

Formula weight
Temperature
À
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p, 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F ^ 2 a  
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [FV2q]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

Nâ Sigo Alg O72
Nal2.84(28) Na2].76(32) Na31.56(28) Na3Ao.32(26) 
Alô Sigo O72 
2294.52 
573(2) K 
0.69040 Â 
Monoclinic 
C2/m

a = 17.009(6) Â a  = 90°
b = 17.003(5) Â P = 114.733(8)°
c = 7.399(2) Â Y = 90°
1943.5(10)
1
1.960 g/cm^
0.705 mm‘^
1140
2.92 to 28.98°
h -22 to 16, k -23 to 23,1 -9  to 10 
98.8%
6598
2629 (Rint = 0.0236)
2019
0.9723 and 0.9930 
direct methods
Full-matrix least-squares on F^
0.0796, 0.0000 
2629 / 7 /  150
R1 =0.0445, wR2 = 0.1150 
R1 =0.0548, wR2 = 0.1182 
0.947
0.000 and 0.000 
0.779 and -0.483 e Â“̂
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â^) for Na- 
Clinoptilolite at 300°C. Ueq is defined as one third of the trace of the orthogonalized U‘̂ 
tensor.

X y z Ueq Partial
Occupan

Si(l) 0.31903(5) 0.40945(4) -0.36884(11) 0.02326(18) 0.25
Al(l) 0.31903(5) 0.40945(4) -0.36884(11) 0.02326(18) 0.75
Si(2) 0.42829(5) 0.26236(4) -0.21456(10) 0.02471(18)
Si(3) 0.26291(5) 0.17774(4) -0.22463(11) 0.02770(18)
Si(4) 0.18245(5) 0.34467(4) -0.22248(10) 0.02535(18)
Si(5) 0.0000 0.31006(6) -0.5000 0.0265(2)
0(1) 0.3572(2) 0.5000 -0.3193(5) 0.0405(7)
0(2) 0.40274(17) 0.35444(13) -0.2262(4) 0.0505(6)
0(3) 0.21201(16) 0.10946(14) -0.3917(3) 0.0454(5)
0(4) 0.23927(15) 0.39921(15) -0.3009(4) 0.0481(6)
0(5) 0.34406(17) 0.20812(16) -0.2656(4) 0.0583(7)
0(6) 0.5000 0.2419(2) 0.0000 0.0865(17)
0(7) 0.46853(19) 0.24597(16) -0.3712(4) 0.0598(7)
0(8) 0.19936(15) 0.25137(12) -0.2358(3) 0.0391(5)
0(9) 0.29299(16) 0.13124(13) -0.0100(3) 0.0425(5)
0(10) 0.08013(13) 0.36632(13) -0.3589(3) 0.0426(5)
Na(l) 0.2456(3) 0.0000 -0.1442(6) 0.0941(18) 0.71(7)
Na(2) 0.5000 0.4639(5) 0.0000 0.111(3) 0.44(8)
Na(3A) 0.0000 0.5000 -0.5000 0.113(5) 0.16(7)
Na(3) 0.0992(18) 0.5000 -0.461(3) 0.111(6) 0.39(13)
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Table 4. Anisotropic displacement parameters (Â̂ ) for Na-Clinoptilolite at 300“C. The 
anisotropic displacement factor exponent takes the form: -27Ĉ [ĥ a*̂ U'̂  + ...+ 2hka*b*Û ]̂

j j2 2 U33 U23 U l3 j j l 2

Si(l) 0.0284(4) 0.0181(3) 0.0239(3) -0.0006(3) 0.0117(3) -0.0013(3)
Al(I) 0.0284(4) 0.0181(3) 0.0239(3) -0.0006(3) 0.0117(3) -0.0013(3)
Si(2) 0.0241(4) 0.0275(4) 0.0205(3) 0 .0000(2) 0.0074(3) 0.0033(3)
Si(3) 0.0306(4) 0.0265(4) 0.0248(3) -0.0011(3) 0.0104(3) -0.0022(3)
Si(4) 0.0231(4) 0.0287(4) 0.0222(3) 0.0001(3) 0.0075(3) 0.0008(3)
Si(5) 0.0222(5) 0.0354(5) 0.0238(5) 0.000 0.0114(4) 0.000
0 (1) 0.0426(17) 0.0266(13) 0.0510(18) 0.000 0.0182(15) 0.000
0 (2) 0.0535(15) 0.0333(11) 0.0577(15) 0.0059(10) 0.0163(12) 0.0128(11)
0(3) 0.0569(14) 0.0451(12) 0.0332(11) -0.0077(9) 0.0180(10) -0.0130(11)
0(4) 0.0462(14) 0.0494(13) 0.0572(14) 0.0060(11) 0.0301(12) -0.0063(11)
0(5) 0.0489(15) 0.0611(16) 0.0723(18) -0.0100(13) 0.0327(14) -0.0203(13)
0 (6) 0.105(4) 0.062(2) 0.0347(19) 0.000 -0.028(2) 0.000
0(7) 0.0632(17) 0.0704(17) 0.0637(17) -0.0219(13) 0.0443(14) 0.0000(14)
0 (8) 0.0415(12) 0.0318(10) 0.0379(11) 0 .0002(8) 0.0105(9) 0.0081(9)
0(9) 0.0554(14) 0.0415(11) 0.0254(10) -0.0003(8) 0.0118(9) 0.0091(10)
0 (10) 0.0287(11) 0.0435(12) 0.0448(12) -0.0062(10) 0.0047(9) 0.0002(9)
Na(l) 0.147(4) 0.0299(16) 0.092(3) 0.000 0.036(3) 0.000
Na(2) 0.064(4) 0.142(7) 0.086(5) 0.000 -0.010(3) 0.000
Na(3A) 0.155(11) 0.037(5) 0.122(9) 0.000 0.033(9) 0.000
Na(3) 0.152(12) 0.036(6) 0 .121(11) 0.000 0.032(11) 0.000
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Crystallographic Tables for Mg-Clinoptilolite at Ambient Temperature

F igu re  1: A sym m etric  un it w ith therm al e llip so id s d raw n  at 50%  co n fid e n ce  level.

0(4W)

0(3W)

)  0 (10)

0(7) Si(5)
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Table 1. Crystal data and structure refinement for Mg- Clinoptilolite at ambient temperature.

Identification code 
Expected chemical formula 
Chemical formula

Formula weight
Temperature
À
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient |x 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F^>2a 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F^>2a]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

a = 90°
P= 113.743(2)° 
Y = 90°

ri 102
CaMgNa Al̂ Sigo O72 XH2O
Gas. 12(32) Mgi.08(44) Nai,76(48) AlôSiao O72
13.84H2Ü 
2243.96 
293(2)K 
0.68430 Â 
Monoclinic 
C2/m

a = 17.3128(8) Â 
b= 18.0381(8) Â 
c = 7.4235(3) Â 
2122.07(16)
1
1.756 g/cm̂
0.687 mm“̂
1117
2.47 to 29.23°
h -24 to 18, k -23 to 24,1 -9 to 10
97.4 %
7295
3036 (Rint = 0.0337)
2965
direct methods
Full-matrix least-squares on F̂
0.0988, 24.5580 
3036/24/205 
R1 =0.0732, wR2 = 0.2132 
R l= 0.0741, wR2 = 0.2137 
1.161
0.903 and 0.012 
1.766 and-1.127 eÀ"^
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â̂ ) for Mg- 
Clinoptilolite at ambient temperature. Ugq is defined as one third of the trace of the 
orthogonalized U'̂  tensor.

X y z Ueq Partial
Occupan

Al(l) 0.21497(7) 0.41040(6) 0.42438(16) 0.0165(3) 0.75
Si(l) 0.21497(7) 0.41040(6) 0.42438(16) 0.0165(3) 0.25
Si(2) 0.06586(7) 0.30120(7) 0.21730(16) 0.0160(3)
Si(3) 0.20705(7) 0.19166(6) 0.19978(16) 0.0156(3)
Si(4) 0.32154(7) 0.32930(6) 0.23676(16) 0.0158(3)
Si(5) 0.5000 0.28132(9) 0.5000 0.0168(3)
0 (1) 0.2010(4) 0.5000 0.4406(8) 0.0312(11)
0 (2) 0.1179(2) 0.3744(2) 0.3261(6) 0.0319(8)
0(3) 0.2299(3) 0.1232(2) 0.3514(5) 0.0338(8)
0(4) 0.2662(3) 0.3938(2) 0.2805(6) 0.0334(8)
0(5) 0.1266(3) 0.2354(3) 0.2048(7) 0.0429(10)
0 (6) 0.0000 0.3267(3) 0.0000 0.0346(12)
0(7) 0.4887(3) 0.2284(2) 0.6626(6) 0.0357(9)
0 (8) 0.2879(2) 0.2469(2) 0.2541(6) 0.0312(8)
0(9) 0.1815(3) 0.1556(3) -0.0169(5) 0.0360(9)
0 (10) 0.4192(2) 0.3363(2) 0.3958(6) 0.0289(7)
Ca(l) 0.0426(2) 0.5000 0.3690(8) 0.0393(11) 0.39(4)
Na(l) 0.1421(15) 0.0000 0.126(3) 0.041(3) 0.27(11)
Mg(l) 0.0000 0.0000 0.0000 0.018(3) 0.44(12)
0(1W) 0.2768(9) 0.0000 0.0500(15) 0.036(4) = Nal
0(2W) 0.0000 0.5000 0.0000 0.029(4) = Cal
0(3W) -0.0773(6) 0.5798(5) 0.3170(15) 0.0288(19) = Cal
0(4W) 0.0007(17) 0 .1022(10) 0.091(6) 0.147(13) = Nal
0(5W) 0.137(7) 0.0000 0.097(19) 0.084(8) = Mgl
0(6W) 0.120(5) 0.0000 0.041(15) 0.085(8) = Mgl
0(8W) 0.093(2) 0.0000 -0.184(8) 0.085(8) = Mgl
0(9W) 0.015(3) 0.054(2) 0.258(6) 0.138(18) = Mgl
O(IOW) 0.078(3) 0.0000 0.383(8) 0.172(16) = Nal
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Table 4. Anisotropic displacement parameters (Â^) for Mg- Clinoptilolite at ambient
temperature. The anisotropic displacement factor exponent takes the form: -27î [ĥ a*̂ U** +
...+ 2hka*b*U' ]̂

U22 U33 U23 Ul3 Ul2

Si(l) 0.0168(5) 0.0161(5) 0.0170(5) 0.0004(4) 0.0074(4) 0.0008(4)
Si(2) 0.0135(5) 0.0206(5) 0.0146(5) -0.0003(4) 0.0064(4) -0.0003(4)
Si(3) 0.0164(5) 0.0182(5) 0.0130(5) 0.0006(4) 0.0068(4) 0.0010(4)
Si(4) 0.0117(5) 0 .0220(6) 0.0137(5) -0.0011(4) 0.0053(4) -0.0003(4)
Si(5) 0.0131(7) 0.0224(8) 0.0156(7) 0.000 0.0065(5) 0.000
0 (1) 0.042(3) 0 .021(2) 0.033(3) 0.000 0.018(2) 0.000
0 (2) 0.0259(17) 0.0303(19) 0.0351(18) -0.0086(15) 0.0076(14) -0.0103(14)
0(3) 0.041(2) 0.035(2) 0.0221(16) 0.0091(14) 0.0088(15) 0.0001(16)
0(4) 0.038(2) 0.035(2) 0.0367(19) 0.0057(15) 0.0248(17) 0.0129(16)
0(5) 0.035(2) 0.043(2) 0.059(3) 0 .001(2) 0.028(2) 0.0149(18)
0 (6) 0.033(3) 0.043(3) 0.018(2) 0.000 -0.0001(19) 0.000
0(7) 0.0339(19) 0.045(2) 0.0355(19) 0.0145(17) 0.0213(16) 0.0012(17)
0 (8) 0.0264(17) 0.0283(17) 0.0358(18) 0.0029(14) 0.0093(14) -0.0085(14)
0(9) 0.048(2) 0.042(2) 0.0197(16) -0.0046(14) 0.0160(16) -0.0096(18)
0 (10) 0.0154(14) 0.0316(18) 0.0321(18) 0.0004(14) 0.0016(13) 0.0006(12)
Ca(l) 0.0177(16) 0.033(2) 0.067(3) 0.000 0.0161(17) 0.000
Na(l) 0.055(6) 0.021(4) 0.049(5) 0.000 0.023(5) 0.000
Mg(l) 0.011(4) 0.000(4) 0.042(6) 0.000 0.011(4) 0.000
0(1W) 0.063(9) 0.009(4) 0.011(4) 0.000 -0.012(5) 0.000
0(2W) 0.025(8) 0.013(7) 0.040(10) 0.000 0.004(7) 0.000
0(3W) 0.025(4) 0.023(4) 0.041(5) -0.006(4) 0.016(4) 0.000(3)
0(4W) 0.117(15) 0.049(8) 0.34(4) -0.005(14) 0.16(2) -0.002(9)
0(5W) 0.056(12) 0.080(13) 0.14(2) 0.000 0.064(15) 0.000
0(6W) 0.057(12) 0.080(13) 0.14(2) 0.000 0.063(14) 0.000
0(8W) 0.057(12) 0.080(13) 0.14(2) 0.000 0.063(14) 0.000
0(9W) 0.20(5) 0.12(3) 0.11(3) 0 .01(2) 0.07(3) 0.09(3)
O(IOW) 0.15(4) 0.22(5) 0.21(4) 0.000 0.13(3) 0.000
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Crystallographic Tables for Mg-Clinoptilolite at 200°C.

F igu re  1: A sym m etric  un it w ith  therm al e llip so id s  d raw n  at 50%  co n fid e n ce  level.

Nad)
Na(IA)

Na(IB) ,0(17)

0 (6 )

0(13)
Si(7)0 (1) 0(7)

Sid)
SilSl"1(18)0 (10)0(4) 0(14)Aid) 0(15)

Si(5)Si(4, Cad)0 (2 )

) 0(9)

0(8) 0(3) 5i(2)
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Table 1. Crystal data and structure refinement for Mg-Clinoptilolite at 200° C.

Expected chemical formula 
Chemical formula

Formula weight 
Temperature

Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F^>2a 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F^2ct]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

CaMgNa AlgSiis O36
Ca 10.20(20) N a l2.82(8) NalA2.82(8) NalB2.82(8) AI3 
Si]5 O36
1165.67 
473(2) K 
0.68430 Â 
Triclinic 
P-I

a = 7.369(13) Â a = 90.85(2)°
b = 12.30(2) À P= 105.91(3)°
c = 12.30(2) À Y= 105.91(3)°
1026(3)
1
1.887 g/cm̂
0.787 mm“‘
580
2.32 to 30.54°
h -10 to 9, k -16 to 16,1 -12 to 17 
96.9 %
6989
5186 (Rw = 0.0214)
4192
direct methods
Full-matrix least-squares on F̂
0.0737, 6.3994 
5186/ 1 /282
R1 =0.0899, wR2 = 0.2213 
R1 =0.1074, wR2 = 0.2300 
1.180
0.001 and 0.000 
1.026 and -0.575 e
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â̂ ) for Mg- 
Clinoptilolite at 200°C. Ugq is defined as one third of the trace of the orthogonalized U'̂  
tensor.

X y z Ueq Partial
Occupa

Si(l) 0.2121(2) 0.90169(14) 0.01838(15) 0.0301(4) 0.25
Al(l) 0.2121(2) 0.90169(14) 0.01838(15) 0.0301(4) 0.75
Si(2) -0.7861(2) 0.28316(16) -0.64017(15) 0.0326(4)
Si(3) -0.2098(3) 0.84268(14) 0.02485(15) 0.0318(4)
Si(4) -0.7463(2) 0.49567(15) -0.34315(14) 0.0307(4)
Si(5) -0.3915(3) 0.88286(15) 0.20585(15) 0.0319(4)
Si(6) -0.4374(3) 0.70220(15) 0.38038(15) 0.0325(4)
Si(7) -0.4756(3) 0.71720(15) -0.20414(15) 0.0331(4)
Si(8) 0.2130(2) 0.85752(14) -0.23120(15) 0.0305(4)
Si(9) -0.8107(3) 0.53293(16) -0.60125(16) 0.0349(4)
0(2) -0.2518(9) 0.8275(5) 0.1471(5) 0.0553(15)
()(3) 0.0225(8) 0.8360(5) 0.0555(5) 0.0538(14)
0(4) 0.1896(11) 0.8510(6) -0.1064(5) 0.0699(19)
(3(5) 0.2307(8) 1.0369(4) 0.0225(5) 0.0514(14)
0(6) -0.6025(9) 0.5865(5) -0.2367(5) 0.0565(15)
0(7) -0.7604(8) 0.5503(5) -0.4630(4) 0.0515(14)
(3(8) -0.9675(8) 0.4559(6) -0.3324(5) 0.0636(18)
0(9) -0.4368(13) 0.8118(5) 0.3076(6) 0.077(2)
0(10) -0.3594(8) 0.7396(4) -0.0672(4) 0.0470(13)
0(11) -0.7744(13) 0.4162(6) -0.6367(7) 0.080(2)
0(12) -0.6847(9) 0.2511(5) -0.7288(5) 0.0636(18)
(3(13) -1.0103(9) 0.2074(7) -0.6728(6) 0.079(2)
0(14) -0.6782(12) 0.3808(6) -0.3366(6) 0.073(2)
(3(15) -0.2670(12) 1.0132(5) 0.2621(6) 0.0686(19)
0(16) -0.6772(9) 0.6408(6) 0.3571(6) 0.0656(18)
0(17) -0.6736(11) 0.2538(6) -0.5166(5) 0.0704(19)
(3(18) -0.6166(10) 0.8003(6) -0.2415(6) 0.0677(18)
(3(19) 0.3972(12) 0.8793(8) 0.1099(8) 0.101(3)
Na(l) -0.928(3) 0.7541(12) 0.2567(12) 0.066(5) 0.47(4)
Na(lA) -0.995(7) 0.737(4) 0.261(4) 0.21(3) 0.47(4)
Na(lB) -0.884(7) 0.754(4) 0.238(3) 0.18(2) 0.47(4)
(:a(l) -0.615(5) 0.756(3) -0.436(2) 0.057(12) 0.05(5)
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Table 3. Selected bond lengths [Â] and angles [°]for M g-C linoptilo lite at 200°C.

Si/Al(l)-0(4) 1.596(6) Si/Al(l)-0(3) 1.598(6)
Si/Al(l)-0(19) 1.605(8) Si/Al(l)-0(5) 1.629(6)
Si(2)-0(12) 1.580(5) Si(2)-0(13) 1.594(6)
Si(2)-0(11) 1.614(7) Si(2)-0(17) 1.618(7)
Si(3)-O(10) 1.616(5) Si(3)-0(2) 1.619(6)
Si(3)-0(5C) 1.630(6) Si(3)-0(3) 1.674(7)
Si(4)-0(8) 1.612(6) Si(4)-0(7) 1.619(6)
Si(4)-0(14) 1.620(7) Si(4)-0(6) 1.622(5)
Si(5)-0(9) 1.594(6) Si(5)-0(15) 1.644(6)
Si(5)-0(19E) 1.665(8) Si(5)-0(2) 1.680(6)
Si(6)-0(9) 1.629(7) Si(6)-0(17F) 1.658(6)
Si(6)-0(16) 1.661(6) Si(6)-0(14F) 1.664(7)
Si(7)-0(12B) 1.587(6) Si(7)-0(6) 1.603(6)
Si(7)-0(18) 1.634(7) Si(7)-O(10) 1.646(6)
Si(8)-0(4) 1.591(6) Si(8)-0(15C) 1.608(6)
Si(8)-0(13B) 1.616(6) Si(8)-0(18A) 1.630(6)
Si(9)-0(16H) 1.603(6) Si(9)-0(11) 1.605(7)
Si(9)-0(7) 1.635(6) Si(9)-0(8I) 1.659(7)
Na(l)-0(2) 2.787(16) Na(l)-0(3) 2.656(16)
Na(l)-0(16) 2.666(14) Na(lA)-0(16) 2.89(4)
Na(lA)-0(8D) 2.52(4) Na(lA)-0(2E) 2.55(4)
Na(lA)-0(3E) 2.84(4) Na(lB)-0(3E) 2.48(3)
Na(lB)-0(8D) 2.90(4) Na(lAA)-0(3) 2.84(4)
Na(lAA)-0(2) 2.55(4) Na(lBA)-0(3) 2.48(3)
Na(lD)-0(8) 2.739(19) Na(lBD)-0(8) 2.90(4)
Na(lAD)-0(14) 2.85(5) Na(lB)-0(16) 2.53(4)
Na(lA)-0(14D) 2.85(5) Ca(l)-0(7) 2.44(4)
Ca(l)-0(17) 2.39(4) Ca(l)-0(18) 2.44(3)
Ca(lB)-0(12) 2.58(4) Ca(lG)-0(16) 2.76(3)

0(4)-Si/Al(l)-0(3) 108.8(3) 0(4)-Si/Al(l)-0(19) 111.3(5)
0(3)-Si/Al(l)-0(19) 105.8(5) 0(4)-Si/Al(l)-0(5) 111.2(4)
0(3)-Si/Al(l)-0(5) 109.1(3) 0(19)-Si/Al(l)-0(5) 110.5(4)
0(12)-Si(2)-0(13) 109.6(4) 0(12)-Si(2)-0(11) 110.9(4)
0(13)-Si(2)-0(11) 110.1(5) 0(12)-Si(2)-0(17) 108.0(4)
0(13)-Si(2)-0(17) 108.0(4) 0(11)-Si(2)-0(17) 110.2(4)
O(10)-Si(3)-O(2) 110.2(3) O(10)-Si(3)-O(5C) 109.2(3)
0(2)-Si(3)-0(5C) 112.4(3) O(10)-Si(3)-O(3) 111.4(3)
0(2)-Si(3)-0(3) 101.5(3) 0(5C)-Si(3)-0(3) 112.0(3)
0(8)-Si(4)-0(7) 106.4(3) 0(8)-Si(4)-0(14) 104.6(4)
0(7)-Si(4)-0(14) 114.3(4) 0(8)-Si(4)-0(6) 110.3(3)
0(7)-Si(4)-0(6) 111.8(3) 0(14)-Si(4)-0(6) 109.2(4)
0(9)-Si(5)-0(15) 106.6(4) 0(9)-Si(5)-0(19E) 109.5(5)
0(15)-Si(5)-0(19E) 111.4(4) 0(9)-Si(5)-0(2) 109.3(4)
0(15)-Si(5)-0(2) 109.4(4) 0(19E)-Si(5)-0(2) 110.6(4)
0(9)-Si(6)-0(17F) 109.4(4) 0(9)-Si(6)-0(16) 101.8(4)
0(17F)-Si(6)-0(16) 111.4(4) 0(9)-Si(6)-0(14F) 111.6(4)
0(17F)-Si(6)-0(14F) 109.0(4) 0(16)-Si(6)-0(14F) 113.5(4)
0(12B)-Si(7)-0(6) 110.2(3) 0(12B)-Si(7)-0(18) 106.6(4)
0(6)-Si(7)-0(18) 110.6(4) O(12B)-Si(7)-O(10) 108.0(4)
O(6)-Si(7)-O(10) 110.0(3) O(18)-Si(7)-O(10) 111.4(3)
0(4)-Si(8)-0(15C) 111.0(3) 0(4)-Si(8)-0(13B) 112.2(4)
0(15C)-Si(8)-0(13B) 105.2(4) 0(4)-Si(8)-0(18A) 109.8(4)
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Table 4. Anisotropic displacement parameters (Â̂ ) for Mg-Clinoptilolite at 200°C. The 
anisotropic displacement factor exponent takes the form: -27î [ĥ a*̂ U'* + ...+ 2hka*b*Û ]̂

u" U22 U33 U23 Ul3 Ul2

Si(l) 0.0258(8) 0.0302(8) 0.0321(8) -0.0033(6) 0.0098(6) 0.0034(6)
Si(2) 0.0231(8) 0.0411(9) 0.0281(8) -0.0114(7) 0.0098(6) -0.0013(6)
Si(3) 0.0330(9) 0.0284(8) 0.0311(8) -0.0095(6) 0.0152(7) -0.0010(6)
Si(4) 0.0260(8) 0.0338(9) 0.0277(8) -0.0119(6) 0.0078(6) 0.0017(6)
Si(5) 0.0360(9) 0.0299(8) 0.0302(8) 0.0042(6) 0.0150(7) 0.0048(7)
Si(6) 0.0349(9) 0.0300(8) 0.0308(8) 0.0032(6) 0.0138(7) 0.0021(7)
Si(7) 0.0298(9) 0.0356(9) 0.0309(8) -0.0123(7) 0.0107(7) 0.0034(7)
Si(8) 0.0257(8) 0.0280(8) 0.0335(9) -0.0097(6) 0.0102(7) 0.0000(6)
Si(9) 0.0269(8) 0.0387(9) 0.0340(9) -0.0012(7) 0.0118(7) -0.0018(7)
0(2) 0.062(4) 0.059(3) 0.045(3) -0.011(2) 0.031(3) 0.003(3)
(3(3) 0.049(3) 0.045(3) 0.075(4) 0.002(3) 0.037(3) 0.008(2)
0(4) 0.096(5) 0.062(4) 0.049(3) -0.009(3) 0.042(4) -0.001(3)
(3(5) 0.047(3) 0.030(2) 0.073(4) -0.001(2) 0.018(3) 0.003(2)
0(6) 0.058(4) 0.047(3) 0.039(3) -0.019(2) 0.000(2) -0.011(3)
0(7) 0.047(3) 0.063(3) 0.032(3) -0.001(2) 0.009(2) 0.001(3)
(3(8) 0.035(3) 0.100(5) 0.047(3) 0.004(3) 0.015(2) 0.002(3)
0(9) 0.134(6) 0.049(4) 0.074(4) 0.027(3) 0.071(5) 0.026(4)
0(10) 0.059(3) 0.034(2) 0.035(2) -0.0100(19) 0.011(2) -0.004(2)
0(11) 0.111(6) 0.046(4) 0.100(6) -0.001(3) 0.054(5) 0.025(4)
0(12) 0.067(4) 0.066(4) 0.066(4) -0.015(3) 0.047(3) 0.005(3)
0(13) 0.032(3) 0.109(6) 0.065(4) -0.015(4) 0.011(3) -0.023(3)
0(14) 0.101(6) 0.060(4) 0.068(4) -0.009(3) 0.021(4) 0.043(4)
0(15) 0.111(6) 0.031(3) 0.061(4) -0.003(2) 0.037(4) 0.004(3)
0(16) 0.039(3) 0.077(4) 0.066(4) 0.008(3) 0.020(3) -0.011(3)
0(17) 0.076(5) 0.087(5) 0.035(3) -0.009(3) -0.003(3) 0.021(4)
(3(18) 0.062(4) 0.082(5) 0.075(4) 0.007(4) 0.022(3) 0.044(4)
0(19) 0.070(5) 0.101(6) 0.107(7) -0.012(5) -0.030(5) 0.042(5)
Na(l) 0.118(12) 0.058(6) 0.033(5) 0.019(4) -0.006(6) 0.070(8)
Na(lA) 0.30(6) 0.17(3) 0.16(3) 0.016(19) 0.04(3) 0.12(3)
Na(lB) 0.17(3) 0.24(3) 0.12(2) 0.11(2) 0.008(18) 0.05(2)
Ca(l) 0.038(17) 0.08(3) 0.027(15) -0.028(15) 0.002(12) -0.009(15)
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Crystallographic Tables for Mg-Clinoptilolite at 300°C.

F igu re  1: A sy m m e tric  un it w ith  therm al e llip so id s d raw n  at 50%  co n fid e n ce  level.

0(9)
Nad) 
\Ca(2) 
)  0(5)

0 (6 )5,(8) 5̂ 4)
0(3)0(17)0 ( 1) 0 ( 10)

0(14) Si(9)l o(
5,(7) 5,(1)

Aid)
0 ( 11)

0(16) 0(12) 0 (2 )0(18) 5,(2)
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Table 1. Crystal data and structure refinement for Mg-Clinoptilolite at 300°C.

Expected chemical formula 
Chemical formula

Formula weight
Temperature
À
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p, 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F^>2a 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [FV2a]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

CaMgNaAlaSiis O36
Cal0,20(8) CalAo,20(8) CaIB0 20(8) Ca21.52(28)
Nal0.94(26) AI3 Sii5 O36
1165.67 
573(2) K 
0.68430 Â 
Triclinic 
P-1

a = 7.365(8) Â a = 80.29(2)°
b = 12.247(13) Â P = 72.70(2)°
c = 12.332(13) Â Y = 75.05(2)°
1021.0(19)
1
1.896 g/cvci 
0.791 mm"̂
580
2.24 to 25.37°
h -8 to 9, k -14 to 15,1 -15 to 10 
91.0%
4752
3771 (Rim = 0.0275)
2829
direct methods
Full-matrix least-squares on F̂
0.0628,5.1698
3771 / 19/283
R1 =0.0777, wR2 = 0.1916
R l= 0.0987, wR2 = 0.1998
1.130
0.015 and 0.000 
0.529 and -0.549 e
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â̂ ) for Mg- 
Clinoptilolite at 300°C. Ueq is defined as one third of the trace of the orthogonalized U'̂  
tensor.

X y z Ueq Partial
Occupan

Si(l) 0.3963(3) 0.11620(17) 0.70656(17) 0.0412(5) 0.25
Al(l) 0.3963(3) 0.11620(17) 0.70656(17) 0.0412(5) 0.75
Si(2) 0.5573(3) -0.14328(16)0.72910(17) 0.0401(5)
Si(3) 0.1891(3) 0.09851(17) 0.52050(17) 0.0404(5)
Si(4) 0.2382(3) -0.15642(17)0.47791(17) 0.0409(5)
Si(5) 0.2771(3) -0.28563(18)0.70425(18) 0.0434(5)
Si(6) -0.8143(3) -0.70225(17)0.88115(17) 0.0419(5)
Si(7) -0.2076(3) -0.53247(18)0.89911(18) 0.0440(5)
Si(8) -0.5924(3) -0.50679(17)0.84334(17) 0.0412(5)
Si(9) -0.1438(3) -0.28337(18)0.85816(17) 0.0419(5)
0(1) -0.7412(11) -0.8132(6) 0.8108(6) 0.086(2)
0(2) 0.4613(11) -0.0144(5) 0.7597(6) 0.079(2)
()(3) 0.2704(14) 0.1252(8) 0.6157(8) 0.117(3)
0(4) 0.4047(8) -0.1686(5) 0.3558(5) 0.0692(18)
(3(5) 0.2989(10) 0.1472(6) 0.3977(6) 0.084(2)
0(6) -0.3292(10) -0.2044(7) 0.8226(6) 0.091(2)
0(7) 0.3824(10) -0.2055(6) 0.7444(6) 0.082(2)
(3(8) 0.2056(9) -0.0359(5) 0.5265(6) 0.0657(17)
0(9) -0.0388(8) 0.1635(5) 0.5525(6) 0.0678(17)
0(10) 0.2968(9) -0.2598(5) 0.5688(4) 0.0595(15)
0(11) -0.1560(12) -0.2539(6) 0.9821(5) 0.085(2)
0(12) -0.0279(9) -0.6381(6) 0.8593(6) 0.082(2)
0(13) -0.6534(11) -0.6204(6) 0.8362(6) 0.083(2)
0(14) -0.1415(12) -0.4149(6) 0.8607(7) 0.090(2)
0(15) 0.0506(9) -0.2541(6) 0.7731(6) 0.078(2)
0(16) -0.2972(9) -0.5474(5) 1.0371(5) 0.0632(16)
0(17) -0.3625(8) -0.5453(6) 0.8330(5) 0.0712(18)
0(18) 0.3688(10) -0.4159(5) 0.7370(5) 0.0668(17)
Na(l) -0.1807(12) 0.2516(5) 0.7490(4) 0.1596(7) 0.47(13)
(:a(l) 0.179(5) -0.238(3) 0.938(3) 0.047(8) 0.05(2)
Ca(lA) 0.130(8) -0.115(4) 0.867(5) 0.089(13) 0.05(2)
Ca(lB) 0.149(8) -0.068(4) 0.758(5) 0.093(15) 0.05(2)
Ca(2) -0.1807(12) 0.2516(5) 0.7490(4) 0.1596(7) 0.38(7)
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Table 3. Selected bond lengths [Â] and angles [°]for M g-C linoptilo lite at 300°C .

Si/Al(l)-0(1A) 1.604(6) Si/Al(l)-0(3) 1.628(7)
Si/Al(l)-0(2) 1.630(6) Si/Al(l)-0(4B) 1.673(6)
Si(2)-0(6C) 1.596(7) Si(2)-0(5B) 1.607(7)
Si(2H)(7) 1.610(7) Si(2)-0(2) 1.612(6)
Si(3)-0(3) 1.579(7) Si(3)-0(5) 1.587(7)
Si(3)-0(8) 1.609(6) Si(3)-0(9) 1.622(6)
Si(4)-O(10) 1.604(5) Si(4)-0(8) 1.621(6)
Si(4)-0(4) 1.636(6) Si(4)-0(9D) 1.645(7)
Si(5)-0(18) 1.598(6) Si(5)-0(15) 1.609(6)
Si(5)-0(7) 1.610(7) Si(5)-O(10) 1.616(6)
Si(6)-0(1) 1.623(6) Si(6)-0(12E) 1.646(7)
Si(6)-0(11F) 1.649(7) Si(6)-0(13) 1.659(7)
Si(7)-0(14) 1.590(7) Si(7)-0(12) 1.616(7)
Si(7)-0(16) 1.629(6) Si(7)-0(17) 1.636(7)
Si(8)-0(13) 1.591(7) Si(8)-0(17) 1.608(6)
Si(8)-0(18E) 1.614(6) Si(8)-0(16F) 1.617(6)
Si(9)-0(15) 1.589(6) Si(9)-0(6) 1.589(6)
Si(9)-0(11) 1.600(7) Si(9)-0(14) 1.602(7)
Na(l)-0(4) 2.829(9) Na(l)-0(9) 2.632(8)
Na(l)-0(17) 2.716(9) Na(l)-0(12) 2.693(10)
Ca(l)-0(7) 2.44(3) Ca(l)-0(11) 2.42(3)
Ca(l)-0(12) 2.78(3) Ca(l)-0(15) 2.54(3)
Ca(l)-0(16) 2.55(4) Ca(lA)-0(2) 2.88(5)
Ca(lA)-0(7) 2.19(5) Ca(lA)-0(ll) 2.93(5)
Ca(lA)-0(15) 2.48(5) Ca(lB)-0(2) 2.55(6)
Ca(lB)-0(3) 2.87(5) Ca(lB)-0(7) 2.06(5)
Ca(lB)-0(8) 2.74(7) Ca(lB)-0(15) 2.53(5)
Ca(2D)-0(4) 2.829(9) Ca(2H)-0(12) 2.693(10)
Ca(2H)-0(17) 2.716(9)

0(lA)-Si/Al(l)-0(3) 107.8(5) 0(lA)-Si/Al(l)-0(2) 107.0(4)
0(3)-Si/Al(l)-0(2) 111.8(4) 0(1A)-Si/Al(l)-0(4B) 110.5(4)
0(3)-Si/Al(l)-0(4B) 110.4(4) 0(2)-Si/Al(l)-0(4B) 109.3(4)
0(6C)-Si(2)-0(5B) 111.4(4) 0(6C)-Si(2)-0(7) 107.4(4)
0(5B)-Si(2)-0(7) 111.7(4) 0(6C)-Si(2)-0(2) 106.9(4)
0(5B)-Si(2)-0(2) 111.4(4) 0(7)-Si(2)-0(2) 107.7(4)
0(3)-^i(3)-0(5) 110.9(5) 0(3)-Si(3)-0(8) 110.5(4)
0(5)-Si(3)-0(8) 111.3(4) 0(3)-Si(3)-0(9) 104.4(5)
0(5)-Si(3>-0(9) 110.1(4) 0(8)-Si(3)-0(9) 109.4(3)
O(10)-Si(4)-O(8) 110.5(3) O(10)-Si(4)-O(4) 109.5(3)
0(8)-Si(4)-0(4) 112.3(3) O(10)-Si(4)-O(9D) 111.1(3)
0(8)-Si(4)-0(9D) 109.5(3) 0(4)-Si(4)-0(9D) 103.8(4)
0(18)-Si(5)-0(15) 110.0(3) 0(18)-Si(5)-0(7) 109.6(4)
0(15)-Si(5)-0(7) 106.0(4) O(18)-Si(5)-O(10) 111.2(3)
O(15)-Si(5)-O(10) 109.2(4) O(7)-Si(5)-O(10) 110.7(4)
0(1)-Si(6)-0(12E) 105.4(4) 0(1)-Si(6)-0(11F) 108.1(4)
0(12E)-Si(6)-0(11F) 109.0(4) 0(1)-Si(6)-0(13) 110.3(4)
0(12E)-Si(6)-0(13) 112.6(4) 0(11F)-Si(6)-0(13) 111.2(4)
0(14)-Si(7)-0(12) 111.2(4) 0(14)-Si(7)-0(16) 110.1(4)
0(I2)-Si(7)-0(16) 110.1(3) 0(14)-Si(7)-0(17) 112.1(4)
0(12)-Si(7)-0(17) 101.8(4) 0(16)-Si(7)-0(17) 111.2(3)
0(13)-Si(8)-0(17) 104.4(4) 0(13)-Si(8)-0(18E) 109.5(4)
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0(17)-Si(8)-0(18E) 110.0(3) 0(13)-Si(8)-0(16F) 113.0(4)
0(17)-Si(8)-0(16F) 109.0(3) 0(18E)-Si(8)-0(16F) 110.7(3)
0(15)-Si(9)-0(6) 110.3(4) 0(15)-Si(9)-0(11) 107.6(4)
0(6)-Si(9)-0(ll) 106.8(4) 0(15)-Si(9)-0(14) 110.3(4)
0(6)-Si(9)-0(14) 111.0(5) 0(11)-Si(9)-0(14) 110.6(4)
0(9)-Na(l)-0(12J) 131.7(4) 0(9)-Na(l)-0(17J) 140.0(3)
0(12J)-Na(l)-0(17J) 55.6(2) 0(9)-Na(l)-0(4D) 56.3(2)
0(12J)-Na(l)-0(4D) 169.2(3) 0(17J)-Na(l)-0(4D) 113.6(3)
0(ll)-Ca(l)-0(7) 124.0(12) 0(11)-Ca(l)-0(15) 62.6(8)
0(7)-Ca(l)-0(15) 62.2(8) 0(11)-Ca(l)-0(16G) 91.5(11)
0(7)-Ca(l)-0(16G) 97.4(13) 0(15)-Ca(l)-0(16G) 90.4(11)
0(11)-Ca(l)-0(12G) 61.6(8) 0(7)-Ca(l)-0(12G) 157.1(16)
0(15)-Ca(l)-0(12G) 114.2(12) 0(16G)-Ca(l)-0(12G) 59.7(7)
0(7)-Ca(lA)-0(15) 66.5(15) 0(7)-Ca(lA)-0(2) 59.9(13)
0(15)-Ca(lA)-0(2) 121(2) 0(7)-Ca(lA)-0(ll) 112.8(19)
0(15)-Ca(lA)-0(ll) 56.1(10) 0(2)-Ca(lA)-0(ll) 170(2)
0(7)-Ca(lB)-0(15) 67.2(13) 0(7)-Ca(lB)-0(2) 67.7(17)
0(15)-Ca(lB)-0(2) 134(2) 0(7)-Ca(lB)-0(8) 91.5(19)
0(15)-Ca(lB)-0(8) 92.4(19) 0(2)-Ca(lB)-0(8) 96.7(18)
0(7)-Ca(lB)-0(3) 110(2) 0(15)-Ca(lB)-0(3) 148(3)
0(2)-Ca(lB)-0(3) 59.4(11)

Symmetry operations for equivalent atoms
A x+l,y+l,z B —x+1,—y,—z+1 C x+l,y,z
D -x,-y,-z+l E X- l,y,z F -x-1,,-y-l-Z+2
G -x,-y-l,-z+2 H x,y-l,z I X-]L,y-l,z
J x,y+l,z K -x-y,--z+2
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Table 4. Anisotropic displacement parameters (Â^) for M g-C linoptilo lite at 300°C. The
anisotropic displacement factor exponent takes the form: -27î [ĥ a*̂ Û  ’ + ...+ 2hka*b*lT ]̂r l 2 i

U' u 22 u 33 U23 u13 u12

Si(l) 0.0348(11) 0.0398(11) 0.0441(11) -0.0066(8) -0.0060(8) -0.0039(9)
Si(2) 0.0324(10) 0.0362(10) 0.0485(11) 0.0094(8) -0.0136(8) -0.0078(9)
Si(3) 0.0349(10) 0.0400(11) 0.0455(11) 0.0002(8) -0.0137(8) -0.0060(9)
Si(4) 0.0343(10) 0.0377(11) 0.0435(11) 0.0091(8) -0.0074(8) -0.0075(9)
Si(5) 0.0362(11) 0.0453(11) 0.0444(11) 0.0143(8) -0.0107(9) -0.0139(9)
Si(6) 0.0375(11) 0.0401(11) 0.0429(11) -0.0068(8) -0.0076(8) -0.0012(9)
Si(7) 0.0311(10) 0.0474(12) 0.0464(11) -0.0006(9) -0.0101(9) 0.0003(9)
Si(8) 0.0351(10) 0.0437(11) 0.0411(11) 0.0111(8) -0.0109(8) -0.0113(9)
Si(9) 0.0325(10) 0.0501(12) 0.0387(10) 0.0107(8) -0.0114(8) -0.0091(9)
0(1) 0.088(5) 0.064(4) 0.086(5) -0.030(4) 0.016(4) -0.012(4)
0(2) 0.090(5) 0.044(3) 0.081(5) 0.002(3) -0.003(4) -0.002(3)
()(3) 0.147(8) 0.123(7) 0.133(7) 0.000(5) -0.109(7) -0.046(6)
0(4) 0.052(4) 0.076(4) 0.061(4) 0.016(3) 0.000(3) -0.013(3)
()(5) 0.075(5) 0.079(5) 0.067(4) 0.000(3) 0.014(3) -0.006(4)
0(6) 0.056(4) 0.114(6) 0.089(5) 0.008(4) -0.040(4) 0.021(4)
0(7) 0.080(5) 0.092(5) 0.092(5) -0.011(4) -0.018(4) -0.052(4)
()(8) 0.067(4) 0.039(3) 0.095(5) -0.003(3) -0.032(4) -0.009(3)
()(9) 0.041(3) 0.058(4) 0.099(5) -0.008(3) -0.011(3) -0.008(3)
0(10) 0.073(4) 0.048(3) 0.047(3) 0.012(2) -0.015(3) -0.004(3)
0(11) 0.118(6) 0.094(5) 0.048(4) 0.006(3) -0.028(4) -0.034(5)
0(12) 0.051(4) 0.095(5) 0.079(5) -0.005(4) -0.023(3) 0.021(4)
()(13) 0.106(6) 0.079(5) 0.079(5) 0.011(4) -0.025(4) -0.056(4)
0(14) 0.102(6) 0.062(4) 0.100(6) -0.001(4) -0.008(4) -0.035(4)
0(15) 0.048(4) 0.082(5) 0.083(5) 0.009(4) 0.009(3) -0.017(3)
0(16) 0.056(4) 0.082(4) 0.042(3) -0.004(3) -0.009(3) -0.005(3)
0(17) 0.037(3) 0.109(5) 0.064(4) -0.008(3) -0.020(3) -0.003(3)
0(18) 0.081(4) 0.060(4) 0.051(3) 0.013(3) -0.024(3) -0.006(3)
Na(l) 0.2971(10) 0.1167(10) 0.0969(10) -0.0467(9) -0.0695(10) -0.0582(10)
Ca(2) 0.2971(10) 0.1167(10) 0.0969(10) -0.0467(9) -0.0695(10) -0.0582(10)
(:a(l) 0.045(18) 0.06(2) 0.041(16) 0.008(14) -0.029(14) -0.018(16)
Ca(lA) 0.08(2) 0.08(2) 0.11(3) -0.02(2) -0.02(2) -0.02(2)
Ca(lB) 0.09(3) 0.05(2) 0.12(3) -0.02(2) 0.00(3) -0.01(2)
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Crystallographic Tables for Ca-Clinoptilolite at Ambient Temperature

F igu re  1: A sym m etric  unit w ith  therm al e llip so id s  d raw n  at 50%  co n fid e n ce  level.

.0(4W)
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0(3W)
0 ( 8 )

0 (6 )

o(6W) 0(5)
0(2) Aid)5i(3)Ca(2)

Si(2)
Sid) 0(2W)0(3)

Cad) 0(8W)
0(7)

0 ( 10) Si(5)0(5W)

0(4) Si(4)

0(9)
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Table 1. Crystal data and structure refinement for Ca- Clinoptilolite at ambient temperature.

Identification code 
Expected chemical formula 
Chemical formula 
Formula weight 
Temperature 
À
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F̂ >2cr 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F^>2o]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

a = 90°
P= 113.7890(10)° 
Y = 90°

ri 127
CagAl̂ Sigo O72 XH2O 
Cal2.88(24)Ca23.i2(i8) Al̂ Sigo O72 24.24H2O
2282.72 
293(2)K 
0.68430 Â 
Monoclinic 
C2/m

a = 17.2652(6) Â 
b = 17.9420(6) Â 
c = 7.4102(3) Â 
2100.44(13)
1
1.805 g/cm̂
0.753 mm"'
1136
1.72 to 30.35°
h -17 to 24, k -24 to 22,1 -10 to 10
97.5 %
7061
2967 (Rw = 0.0318)
2801
direct methods
Full-matrix least-squares on F̂
0.1295, 6.4323 
2967 / 1/ 192
R1 =0.0660, wR2 = 0.1866 
R1 =0.0674, wR2 = 0.1889 
1.108
0.000 and 0.000 
2.642 and -0.943 e A"̂
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â̂ ) for Ca- 
Clinoptilolite at ambient temperature. Ugq is defined as one third of the trace of the 
orthogonalized U'̂  tensor.

X y z Ueq Partial
Occupa

Si(l) 0.21264(5) 0.08945(4) 0.42223(11) 0.0157(2) 0.25
Al(l) 0.21264(5) 0.08945(4) 0.42223(11) 0.0157(2) 0.75
Si(2) 0.06564(5) 0.20145(4) 0.21791(10) 0.0151(2)
Si(3) 0.20840(5) 0.30962(4) 0.20113(10) 0.0155(2)
Si(4) 0.17890(4) 0.33026(4) 0.76256(10) 0.0154(2)
Si(5) 0.0000 0.28406(6) 0.5000 0.0150(2)
0(1) 0.1953(3) 0.0000 0.4322(6) 0.0324(7)
0(2) 0.11738(16) 0.12779(14) 0.3248(4) 0.0316(5)
()(3) 0.23316(17) 0.37921(15) 0.3518(4) 0.0327(5)
0(4) 0.23522(16) 0.39450(14) 0.7184(4) 0.0308(5)
()(5) 0.12623(19) 0.26705(16) 0.2068(5) 0.0406(7)
0(6) 0.0000 0.1763(2) 0.0000 0.0344(8)
0(7) 0.01110(17) 0.23045(15) 0.3373(4) 0.0323(5)
()(8) 0.28850(15) 0.25291(14) 0.2580(4) 0.0307(5)
0(9) 0.18344(18) 0.34430(16) 0.9820(3) 0.0332(6)
0(10) 0.08111(13) 0.33800(13) 0.6036(3) 0.0247(4)
(:a(l) 0.03867(16) 0.0000 0.3711(5) 0.0308(6) 0.36(3)
Ca(2) 0.1484(3) 0.5000 0.1301(8) 0.0631(11) 0.39(3)
0(1W) 0.2740(6) 0.5000 0.0646(10) 0.0230(17) = Ca2
0(2W) -0.0780(17) -0.0760(11) 0.329(3) 0.041(4) = Cal
0(3W) 0.0000 0.0000 0.0000 0.032(3) = Cal
0(4W) 0.0972(13) 0.5000 -0.210(3) 0.080(5) = Ca2
0(5W) 0.0924(12) 0.5000 0.407(3) 0.083(5) = Ca2
0(6W) 0.0000 0.5000 0.0000 0.075(7) = Ca2
0(7W) 0.0305(8) 0.4166(8) 0.061(3) 0.114(7) = Ca2
0(8W) -0.0781(15) -0.0851(13) 0.281(4) 0.062(7) = Cal
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Table 3. Selected bond lengths [Â] and angles [°] for Ca-Clinoptilolite at ambient
temperature.

Si/Al(l)-0(1) 1.6398(10) Si/Al(l)-0(3A) 1.653(2)
Si/Al(l)-0(4A) 1.654(2) Si/Al(l)-0(2) 1.656(2)
Si(2H)(5) 1.599(3) Si(2)-0(2) 1.613(2)
Si(2M)(7) 1.616(2) Si(2)-0(6) 1.6185(13)
Si(3H)(3) 1.614(3) Si(3)-0(9B) 1.626(2)
Si(3)-0(5) 1.627(3) Si(3)-0(8) 1.629(2)
Si(4)-0(9) 1.616(2) Si(4)-0(8A) 1.624(2)
Si(4)-0(4) 1.624(2) Si(4)-O(10) 1.629(2)
Si(5)-0(7C) 1.613(2) Si(5)-G(7) 1.613(2)
Si(5)-O(10) 1.619(2) Si(5)-O(10C) 1.619(2)
Ca(l)-Od) 2.555(5) Ca(l)-0(2) 2.757(3)
Ca(l)-0(2W) 2.35(2) Ca(l)-0(8W) 2.40(2)
Ca(l)-0(2W) 2.456(18) Ca(l)-0(3W) 2.555(3)
Ca(l)-0(2D) 2.757(3) Ca(l)-0(8WG) 2.83(2)
Ca(2)-0(3) 2.756(4) Ca(2)-0(4W) 2.31(2)
Ca(2)-0(6W) 2.346(5) Ca(2)-0(1W) 2.406(11)
Ca(2)-0(7W) 2.409(15) Ca(2)-0(7WH) 2.409(15)
Ca(2)-0(5W) 2.60(2)

0(1)-Si/Al(l)-0(3A) 109.04(18) 0(1)-Si/Al(l)-0(4A) 110.77(16)
0(3A)-Si/Al(l)-0(4A) 110.46(14) 0(l)-Si/Al(l)-0(2) 105.01(17)
0(3A)-Si/Al(l)-0(2) 110.94(14) 0(4A)-Si/Al(l)-0(2) 110.50(14)
0(5)-Si(2)-0(2) 112.59(16) 0(5)-Si(2)-0(7) 109.20(15)
0(2)-Si(2)-0(7) 108.94(15) 0(5)-Si(2)-0(6) 111.33(16)
0(2)-Si(2)-0(6) 106.70(17) 0(7)-Si(2)-0(6) 107.93(11)
0(3)-Si(3)-0(9B) 106.51(14) 0(3)-Si(3)-0(5) 109.62(16)
0(9B)-Si(3)-0(5) 108.85(16) 0(3)-Si(3)-0(8) 110.11(14)
0(9B)-Si(3)-0(8) 110.66(14) 0(5)-Si(3)-0(8) 110.99(15)
0(9)-Si(4)-0(8A) 111.10(14) 0(9)-Si(4)-0(4) 107.59(14)
0(8A)-Si(4)-0(4) 112.01(14) O(9)-Si(4)-O(10) 109.25(14)
O(8A)-Si(4)-O(10) 107.94(13) O(4)-Si(4)-O(10) 108.90(13)
0(7C)-Si(5)-0(7) 106.8(2) O(7C)-Si(5)-O(10) 110.05(13)
O(7)-Si(5)-O(10) 111.73(13) O(7C)-Si(5)-O(10C) 111.73(13)
O(7)-Si(5)-O(10C) 110.05(13) 0(10)-Si(5)-0(10C) 106.56(17)
0(2W)-Ca(l)-0(2WD) 71.0(10) 0(2W)-Ca(l)-0(8W) 9.4(8)
0(2W)-Ca(l)-0(8WD) 75.7(3) 0(8W)-Ca(l)-0(8WD) 79.1(11)
0(2W)-Ca(l)-0(2WG) 110.6(6) 0(8W)-Ca(l)-0(2WG) 120.0(9)
0(2W)-Ca(l)-0(2WC) 73.0(10) 0(8W)-Ca(l)-0(2WC) 78.1(5)
0(2WG)-Ca(l)-0(2WC) 67.4(9) 0(2W)-Ca(l)-0(3W) 91.1(4)
0(8W)-Ca(l)-0(3W) 82.8(6) 0(2WC)-Ca(l)-0(3W) 146.1(4)
0(2W)-Ca(l)-0(1) 144.5(5) 0(8W)-Ca(l)-0(1) 139.4(5)
0(2WC)-Ca(l)-0(1) 87.3(6) 0(3W)-Ca(l)-0(1) 89.37(13)
0(2W)-Ca(l)-0(2D) 86.6(5) 0(8W)-Ca(l)-0(2D) 80.6(5)
0(3W)-Ca(l)-0(2D) 78.10(9) 0(1)-Ca(l)-0(2D) 58.83(7)
0(2W)-Ca(l)-0(2) 155.0(5) 0(8W)-Ca(l)-0(2) 153.6(7)
0(8WD)-Ca(l)-0(2) 80.6(5) 0(2WG)-Ca(l)-0(2) 71.4(5)
0(2WC)-Ca(l)-0(2) 127.1(5) 0(3W)-Ca(l)-0(2) 78.10(9)
0(l)-Ca(l)-0(2) 58.83(7) 0(2D)-Ca(l)-0(2) 112.57(14)
0(2W)-Ca(l)-0(8WG) 108.2(6) 0(2WD)-Ca( 1 )-0(8 WG) 71.7(4)
0(8W)-Ca(l)-0(8WG) 117.6(5) 0(8 WD)-Ca( 1 )-0(8WG) 77.1(11)
0(2WG)-Ca(l)-0(8WG) 2.4(10) 0(2WC)-Ca(l)-0(8WG) 66.4(3)
0(3W)-Ca(l)-0(8WG) 147.4(5) 0(1)-Ca(l)-0(8WG) 89.4(5)
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Table 4. Anisotropic displacement parameters (Â̂ ) for Ca- Clinoptilolite at ambient 
temperature. The anisotropic displacement factor exponent takes the form: -27i [̂h\*^U*  ̂+ 
...+ 2hka*b*U’̂ l

jj22 U33 U23 Ul2

Si(l) 0.0157(4) 0.0139(4) 0.0175(4) 0.0001(2) 0.0069(3) -0.0006(2)
Si(2) 0.0128(4) 0.0183(4) 0.0148(4) 0.0009(2) 0.0060(3) 0.0009(2)
Si(3) 0.0156(4) 0.0175(4) 0.0136(4) -0.0002(2) 0.0061(3) -0.0011(2)
Si(4) 0.0116(4) 0.0203(4) 0.0140(4) 0.0016(2) 0.0049(3) 0.0000(2)
Si(5) 0.0120(5) 0.0184(5) 0.0152(5) 0.000 0.0061(4) 0.000
0(1) 0.0399(19) 0.0196(14) 0.043(2) 0.000 0.0222(16) 0.000
0(2) 0.0269(12) 0.0279(11) 0.0366(12) 0.0079(10) 0.0093(10) 0.0091(9)
()(3) 0.0357(13) 0.0336(12) 0.0229(11) -0.0078(9) 0.0058(9) -0.0009(10)
0(4) 0.0298(12) 0.0346(12) 0.0346(12) -0.0026(10) 0.0198(10) -0.0107(10)
()(5) 0.0355(14) 0.0378(14) 0.0566(18) 0.0011(12) 0.0269(13) -0.0141(11)
0(6) 0.039(2) 0.0396(19) 0.0175(14) 0.000 0.0038(13) 0.000
()(7) 0.0290(12) 0.0393(13) 0.0352(12) -0.0137(10) 0.0198(10) -0.0010(10)
()(8) 0.0255(11) 0.0267(11) 0.0347(12) -0.0022(9) 0.0068(9) 0.0089(9)
0(9) 0.0430(15) 0.0394(13) 0.0178(10) 0.0047(9) 0.0126(10) 0.0058(11)
0(10) 0.0145(9) 0.0260(10) 0.0275(11) 0.0004(8) 0.0023(8) -0.0016(7)
(:a(l) 0.0163(11) 0.0282(12) 0.0476(16) 0.000 0.0127(10) 0.000
Ca(2) 0.065(3) 0.052(2) 0.073(3) 0.000 0.029(2) 0.000
0(1W) 0.047(5) 0.002(2) 0.010(3) 0.000 0.001(3) 0.000
0(2W) 0.061(8) 0.021(6) 0.047(5) -0.001(5) 0.028(5) 0.006(5)
0(3W) 0.037(7) 0.001(4) 0.044(8) 0.000 0.003(6) 0.000
0(4W) 0.092(12) 0.029(6) 0.101(14) 0.000 0.020(10) 0.000
0(5W) 0.065(10) 0.090(13) 0.073(11) 0.000 0.006(8) 0.000
0(6W) 0.066(14) 0.045(10) 0.095(18) 0.000 0.014(12) 0.000
0(7W) 0.065(8) 0.064(7) 0.21(2) 0.018(10) 0.048(12) 0.014(5)
0(8W) 0.035(7) 0.031(6) 0.12(2) -0.018(9) 0.034(10) -0.001(4)
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Crystallographic Tables for Ca-Clinoptilolite at 200°C.

F ig u re  1: A sy m m etric  un it w ith  therm al e llip so id s  d raw n  at 50%  co n fid e n ce  level.

Co(3)

\ai4)
0(4)

Si(4)
0(101

Si(3) 0 (8 )
0(9) ,0(5)

,i(2)i

0 (6 )

0 (2 )

0 ( 1)

Cad)
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Table 1. Crystal data and structure refinement for Ca-Clinoptilolite at 200°C.

Expected chemical formula 
Chemical formula

Formula weight
Temperature
X
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p, 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25,00° 
Reflections collected 
Independent reflections 
Reflections with F^>2o 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [FV2ct]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

a = 90°
P= 114.597(2)° 
Y = 90°

CagAl̂ Sigo O72 'XH2O 
Ca 12.96(32)Ca22.00(80) Ca3o.64(48) Ca4o.48(40) 
Al̂ SigQ O72 2 .88H2O
2261.05 
473(2) K 
0.68710 Â 
Monoclinic 
C2/m

a = 16.784(3) Â 
b = 16.739(3) Â 
c = 7.3580(12) Â 
1879.6(6)
1
1.998 g/cm̂
0.838 mm '
1126
2.35 to 29.02°
h -16 to 23, k -22 to 20,1 -9 to 10 
99.1 %
6546
2601 (Rint = 0.0244)
2188
direct methods
Full-matrix least-squares on F̂
0.0838, 7.5338 
2601 / I / 158
R1 =0.0545, wR2 = 0.1453 
R1 =0.0647, wR2 = 0.1528 
1.076
0.000 and 0.000 
1.738 and-0.536 eÂ"^
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â̂ ) for Ca- 
Clinoptilolite at 200°C. Ueq is defined as one third of the trace of the orthogonalized U'̂  
tensor.

X y z Ueq Partial
Occupan

Si(l) 0.17758(6) 0.40907(5) 0.36705(13) 0.0228(2) 0.25
Al(l) 0.17758(6) 0.40907(5) 0.36705(13) 0.0228(2) 0.75
Si(2) 0.07092(5) 0.26007(5) 0.21354(12) 0.0216(2)
Si(3) 0.23901(6) 0.17716(6) 0.22531(14) 0.0250(2)
Si(4) 0.18343(5) 0.15311(6) 0.77961(13) 0.0234(2)
Si(5) 0.0000 0.18592(8) 0.5000 0.0229(3)
0(1) 0.1365(2) 0.5000 0.3155(6) 0.0342(8)
0(2) 0.0931(2) 0.35402(18) 0.2193(5) 0.0469(7)
()(3) 0.2931(2) 0.1116(2) 0.3961(4) 0.0447(7)
0(4) 0.2423(2) 0.09981(19) 0.7018(5) 0.0453(7)
(3(5) 0.1577(2) 0.2081(2) 0.2688(6) 0.0545(9)
0(6) 0.0000 0.2362(3) 0.0000 0.080(2)
0(7) 0.0310(2) 0.2443(2) 0.3714(6) 0.0564(9)
()(8) 0.19869(19) 0.24776(17) 0.7670(4) 0.0372(6)
0(9) 0.2083(2) 0.12996(19) 0.0127(4) 0.0434(7)
0(10) 0.08066(17) 0.13154(17) 0.6426(4) 0.0387(6)
Ca(l) 0.0000 0.5269(2) 0.0000 0.0487(11) 0.37(4)
Ca(2) 0.2882(5) 0.0000 0.1377(17) 0.054(3) 0.25(10)
(:a(3) -0.720(2) 0.0000 -2.981(7) 0.034(8) 0.08(6)
Ca(4) 0.1127(13) 0.0000 0.498(4) 0.038(7) 0.06(5)
0(1W) 0.4056(12) 0.0000 0.154(2) 0.089(6) =Cal
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Symmetry operations for equivalent atoms
A —x+1/2,—y+l/2,~z+l B —x,—y+1,—z C —x—l/2,—y+l/2,—z—3
D x+l,y,z+3 E x,y,z+l F x+l,y,z+4
G -x,y,-z+l H x,-y+l,z I -x,y,-z J x,y,z-l
K —x+1/2,—y+1/2,—z L x—l/2,y+l/2,z M x+l/2,y+l/2,z+3
N x,-y,z O x,-y,z-l P x+l/2,y-l/2,z
Q X—l,y,z—3 R X—1,—y,z—3 S x—1,—y,z—4
T x-l,y,z-4 U -x-l/2,y-l/2,-z-3 V -x+l/2,y-l/2,-z+l
W -x,-y,-z+l

320



Table 4. Anisotropic displacement parameters (Â^) for C a-C linoptilolite at 200°C. The
anisotropic displacement factor exponent takes the form: -27i'‘[h'‘a*^U’* + ...+ 2hka*b*U''‘]rl2n

U22 U23 Ul3 Ul2

Si(l) 0.0239(4) 0.0187(4) 0.0252(4) 0.0013(3) 0.0095(3) 0.0016(3)
Si(2) 0.0187(4) 0.0255(4) 0.0180(4) -0.0003(3) 0.0051(3) -0.0040(3)
Si(3) 0.0247(4) 0.0260(5) 0.0225(4) 0.0017(3) 0.0078(3) 0.0014(3)
Si(4) 0.0175(4) 0.0287(5) 0.0211(4) -0.0002(3) 0.0050(3) -0.0009(3)
Si(5) 0.0157(5) 0.0333(7) 0.0215(6) 0.000 0.0095(4) 0.000
()(1) 0.0312(18) 0.0258(17) 0.041(2) 0.000 0.0109(16) 0.000
0(2) 0.0480(17) 0.0325(15) 0.0569(19) -0.0083(13) 0.0186(15) -0.0151(13)
()(3) 0.0490(17) 0.0520(18) 0.0296(13) 0.0132(13) 0.0129(13) 0.0144(14)
0(4) 0.0353(15) 0.0475(17) 0.062(2) -0.0079(15) 0.0291(15) 0.0023(12)
(3(5) 0.0414(17) 0.061(2) 0.069(2) 0.0101(18) 0.0309(16) 0.0186(16)
0(6) 0.100(5) 0.054(3) 0.032(2) 0.000 -0.027(3) 0.000
0(7) 0.054(2) 0.069(2) 0.061(2) 0.0210(18) 0.0391(18) -0.0008(17)
(3(8) 0.0377(14) 0.0329(14) 0.0358(14) -0.0013(11) 0.0102(12) -0.0079(11)
0(9) 0.0519(17) 0.0444(16) 0.0248(13) 0.0028(12) 0.0069(12) -0.0122(13)
0(10) 0.0206(11) 0.0397(15) 0.0427(15) 0.0053(12) 0.0001(11) -0.0012(10)
Ca(l) 0.0301(15) 0.060(2) 0.0412(18) 0.000 0.0003(12) 0.000
Ca(2) 0.069(4) 0.024(3) 0.077(8) 0.000 0.037(4) 0.000
(:a(3) 0.053(17) 0.022(12) 0.03(2) 0.000 0.024(14) 0.000
Ca(4) 0.040(11) 0.012(8) 0.065(15) 0.000 0.025(10) 0.000
0(1W) 0.059(9) 0.17(2) 0.042(8) 0.000 0.022(7) 0.000
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Crystallographic Tables for Ca-Clinoptilolite at 300°C.

Figure 1: Asymmetric unit with thermal ellipsoids drawn at 50% confidence level.

Co(3) 0 (10)

Si(5)

Ca(3A)
,0(7)

0 (8)

0(5)
0(3) kO(2)

Ca(4) 0 (6 )

Sid)
Aid)Ca(2)

5i(3)
0 ( 1)

0(9) 0(4)

OdW)

Cad)
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Table 1, Crystal data and structure refinement for Ca-Clinoptilolite at 300°C,

Expected chemical formula 
Chemical formula

Formula weight
Temperature
X
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p- 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F^>2a 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [FV2q]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

C a g A l g S i g o  O 7 2  ’X H 2 0  

Cal2.72(8)Ca21.92(16) Ca3o.56(8) Ca3Ao.56(8) 
Ca4o.32(24) AlgSiao O72 2 .72H2O
2261.05 
573(2) K 
0.68710 Â
Monoclinic
C2/m

a = 16.790(6) Â a = 90°
b= 16.773(6) Â P= 114.348(5)'
c = 7.358(3) À Y = 90°
1887.8(12)
1
1.989 g/cm̂
0.835 mm“*
1126
2.35 to 27.31°
h -22 to 22, k -21 to 22,1 -9 to 9
99.5 %
8866
2408 (Ri„t = 0.0431)
1821
direct methods
Full-matrix least-squares on F̂
0.1537,21.7763
2408 / 1 / 164
R1 =0.0889, wR2 = 0.2457 
R1 =0.1120, wR2 = 0.2675 
1.063
0.042 and 0.002 
4.003 and -0.956 e Â“̂
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â̂ ) for Ca- 
Clinoptilolite at 300°C. Ueq is defined as one third of the trace of the orthogonalized U'̂  
tensor.

X y z U e q Partial
Occupa

Si(l) 0.32147(7) 0.09037(7) 0.62712(17) 0.0279(3) 0.25
Al(l) 0.32147(7) 0.09037(7) 0.62712(17) 0.0279(3) 0.75
Si(2) 0.42943(7) 0.23968(7) 0.78526(16) 0.0261(3)
Si(3) 0.26232(8) 0.32253(8) 0.77796(18) 0.0344(3)
Si(4) 0.31623(7) 0.34759(8) 0.22196(17) 0.0314(3)
Si(5) 0.5000 0.31652(11) 0.5000 0.0269(4)
( ) ( 1 ) 0.3639(3) 0.0000 0.6810(8) 0.0433(13)
0(2) 0.4056(3) 0.1470(2) 0.7697(7) 0.0594(12)
(3(3) 0.2092(3) 0.3894(3) 0.6094(6) 0.0553(11)
0(4) 0.2415(2) 0.0995(2) 0.6968(6) 0.0542(11)
()(5) 0.3443(3) 0.2928(3) 0.7366(7) 0.0660(13)
0(6) 0.5000 0.2587(5) 1.0000 0.095(3)
0(7) 0.4701(3) 0.2582(3) 0.6307(7) 0.0687(12)
()(8) 0.3000(2) 0.2534(2) 0.2338(6) 0.0483(10)
0(9) 0.2931(3) 0.3693(3) 0.9909(5) 0.0565(12)
0(10) 0.4192(2) 0.3700(2) 0.3604(6) 0.0499(11)
Ca(l) 0.5000 0.0296(4) 1.0000 0.073(2) 0.34(1)
Ca(2) 0.2123(5) 0.5000 0.8689(16) 0.064(2) 0.24(2)
(:a(3) 0.449(4) 0.5000 0.585(8) 0.114(15) 0.07(1)
Ca(3A) 0.3845(14) 0.5000 0.498(3) 0.037(5) 0.07(1)
0(1W) 0.0905(16) 0.5000 0.842(4) 0.116(12) = Cal
Ca(4) 0.334(3) 0.5000 1.133(7) 0.051(12) 0.04(3)
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Symmetry operations for equivalent atoms 
A -x+1/2-y+l/2,-z+l B x,y,z-l C -x+l,y,-z+l
D -x+l,-y+l,-z+l E x,-y,z F -x+l,-y,-z+2
G —x+1/2,—y+1/2,—z+2 H —x+l,y,—z+2 I x,y,z+l
J x+l/2,y-l/2,z K x,-y+l,z L x,-y+l,z+l 
M X—l/2,y+l/2,z N —x+1,—y+1,—z+2 O —x+ l/2,y+1/2,—z+1
P —x+ l/2,y+1/2,—z+2
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Table 4. Anisotropic displacement parameters (Â^) for C a-C linoptilolite at 300°C . The
anisotropic displacement factor exponent takes the form: -27i'̂ [ĥ a*̂ Û * + ...+ 2hka*b*U' ]̂rl2n

jj22 U33 U23 Ul3 Ul2

Si(l) 0.0297(5) 0.0223(5) 0.0319(5) 0.0012(4) 0.0128(4) 0.0014(4)
Si(2) 0.0222(4) 0.0310(5) 0.0228(4) -0.0007(4) 0.0068(4) -0.0055(4)
Si(3) 0.0347(5) 0.0359(6) 0.0305(5) -0.0008(5) 0.0115(4) 0.0013(5)
Si(4) 0.0233(5) 0.0391(6) 0.0272(5) -0.0010(5) 0.0059(4) -0.0011(5)
Si(5) 0.0168(5) 0.0398(9) 0.0261(6) 0.000 0.0108(5) 0.000
0(1) 0.038(2) 0.031(2) 0.058(3) 0.000 0.018(2) 0.000
0(2) 0.058(2) 0.0381(19) 0.079(3) -0.0103(19) 0.0246(19) -0.0176(17)
0(3) 0.057(2) 0.068(2) 0.0354(16) 0.0114(17) 0.0135(15) 0.0184(19)
0(4) 0.0469(16) 0.052(2) 0.074(2) -0.0052(18) 0.0350(15) 0.0049(16)
0(5) 0.0452(17) 0.077(3) 0.082(3) 0.009(2) 0.0326(17) 0.021(2)
0(6) 0.105(6) 0.078(5) 0.042(3) 0.000 -0.031(4) 0.000
0(7) 0.067(2) 0.080(3) 0.078(2) 0.024(2) 0.0488(17) -0.006(2)
0(8) 0.0465(18) 0.0400(19) 0.0508(19) -0.0033(16) 0.0123(15) -0.0070(16)
0(9) 0.068(2) 0.061(2) 0.0322(16) 0.0013(17) 0.0121(16) -0.012(2)
0(10) 0.0259(15) 0.054(2) 0.054(2) 0.0092(18) -0.0001(14) 0.0013(15)
Ca(l) 0.041(2) 0.084(4) 0.068(3) 0.000 -0.004(2) 0.000
Ca(2) 0.051(3) 0.022(3) 0.123(6) 0.000 0.039(4) 0.000
Ca(3) 0.17(3) 0.055(19) 0.15(3) 0.000 0.09(3) 0.000
Ca(3) 0.044(10) 0.024(8) 0.026(8) 0.000 -0.003(7) 0.000
0(1W) 0.060(13) 0.21(3) 0.063(14) 0.000 0.006(11) 0.000
Ca(4) 0.027(17) 0.05(2) 0.05(2) 0.000 -0.003(17) 0.000
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Crystallographic Tables for Sr-CIinoptilolite at Ambient Temperature

Figure 1: Asymmetric unit with thermal ellipsoids drawn at 50% confidence level.
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Table 1. Crystal data and structure refinement for Sr- Clinoptilolite at ambient temperature.

Identification code 
Expected chemical formula 
Chemical formula

Formula weight
Temperature
À
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F̂ >2ct 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [FV2ct]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

a = 90°
P= 113.709(2)° 
Y = 90°

ril36
SrgAl̂ Sigo O72 •XH2O
S r 12,80(16) S r22 .64(24) S r3 o.64(32) Alô Sigo O72
1 8 .4 8 H 2 0  
2324.36 
293(2)K
0.68610 Â
Monoclinic
C2/m

a = 17.3176(7) Â 
b= 18.0277(7) Â 
c = 7.4218(3) À 
2121.50(15)
1
1.819 g/cm̂
1.357 mm”̂
1152
2.48 to 29.33°
h -19 to 23, k -25 to 25,1 -10 to 10 
99.2 %
7662
3061 (Ri„t = 0.0314)
2887
direct methods
Full-matrix least-squares on F̂
0.0943, 11.0140 
3061/ 1/ 190
R1 =0.0565, wR2 = 0.1699 
R1 =0.0589, wR2 = 0.1718 
1.142
0.107 and 0.001 
2.211 and -0.866 e
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â̂ ) for Sr- 
Clinoptilolite at ambient temperature. Ueq is defined as one third of the trace of the 
orthogonalized U'̂  tensor.

X y z U e q Partial
Occupa

Si(l) 0.21391(5) 0.08954(5) 0.42264(12) 0.0154(2) 0.25
Al(l) 0.21391(5) 0.08954(5) 0.42264(12) 0.0154(2) 0.75
Si(2) 0.06611(5) 0.20036(5) 0.21777(12) 0.0146(2)
Si(3) 0.20806(5) 0.30880(5) 0.20096(12) 0.0144(2)
Si(4) 0.32150(5) 0.17015(5) 0.23606(12) 0.0149(2)
Si(5) 0.0000 0.28269(7) 0.5000 0.0152(3)
0(1) 0.2008(3) 0.0000 0.4391(6) 0.0300(8)
0(2) 0.38257(18) 0.37341(16) 0.6766(5) 0.0298(6)
0(3) 0.2320(2) 0.37691(17) 0.3530(4) 0.0326(6)
0(4) 0.2654(2) 0.10647(17) 0.2813(5) 0.0320(6)
0(5) 0.1275(2) 0.2654(2) 0.2066(6) 0.0412(8)
0(6) 0.0000 0.1769(3) 0.0000 0.0359(10)
0(7) 0.0121(2) 0.22965(18) 0.3387(5) 0.0330(7)
0(8) 0.28747(18) 0.25323(16) 0.2542(4) 0.0298(6)
0(9) 0.3175(2) 0.15523(18) 0.0156(4) 0.0326(6)
0(10) 0.08086(16) 0.33639(15) 0.6057(4) 0.0258(5)
Sr(l) 0.03448(10) 0.0000 0.3662(3) 0.0314(5) 0.35(2)
Sr(2) 0.14860(14) 0.5000 0.1279(3) 0.0410(6) 0.33(3)
0(1W) 0.2846(14) 0.5000 0.062(4) 0.044(7) = Sr2
0(2W) 0.0000 0.0000 0.0000 0.027(4) = Srl
0(3W) -0.0815(5) -0.0831(4) 0.3080(13) 0.0225(15) = Srl
0(4W) 0.0000 0.5000 0.0000 0.021(3) = Sr2
0(5W) 0.0904(13) 0.5000 0.409(3) 0.074(6) = Sr2
0(6W) 0.0912(16) 0.5000 -0.229(3) 0.070(6) = Sr2
0(7W) 0.0165(15) 0.4067(11) 0.057(4) 0.109(9) = Sr2
Sr(3) 0.259(2) 0.5000 0.043(4) 0.090(9) 0.08(4)
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0(7WI)-Sr(2)-0(3) 143.0(6) 0(3I)-Sr(2)-0(3) 104.64(14)
0(4W)-Sr(2)-0(7WE) 33.3(5) 0(6W)-Sr(2)-0(7WE) 67.7(7)
0(1W>-Sr(2)-0(7WE) 131.2(8) 0(5W)-Sr(2)-0(7WE) 77.0(8)
0(3)-Sr(2)-0(7WE) 89.8(3) 0(1W)-Sr(2)-0(7WJ) 131.2(8)
0(3I)-Sr(2)-0(7WJ) 89.8(3) 0(7WE)-Sr(2)-0(7WJ) 65.3(8)
0(4W)-Sr(2)-0(9K) 100.74(8) 0(6W)-Sr(2)-0(9K) 71.3(2)
0(1W>-Sr(2)-0(9K) 68.10(18) 0(5W)-Sr(2)-0(9K) 116.68(7)
0(7W)-Sr(2)-0(9K) 138.2(4) 0(7WI)-Sr(2)-0(9K) 68.8(5)
0(3I)-Sr(2)-0(9K) 51.21(8) 0(3)-Sr(2)-0(9K) 141.96(12)
0(7WE)-Sr(2)-0(9K) 126.6(3) 0(7WJ)-Sr(2)-0(9K) 68.5(6)
0(6W)-Sr(3)-0(4B) 69.2(6) 0(4B)-Sr(3)-0(4K) 80.4(7)
0(6W)-Sr(3)-0(9K) 68.2(5) 0(4B)-Sr(3)-0(9K) 124.3(9)
0(4B)-Sr(3)-0(9B) 51.7(2) 0(6W)-Sr(3)-0(3WM) 150.6(3)
0(4B)-Sr(3)-0(3WM) 129.6(12) 0(4K)-Sr(3)-0(3WM) 90.2(6)
0(9K)-Sr(3)-0(3WM) 82.6(3) 0(6W)-Sr(3)-0(3WN) 150.6(3)
0(9K)-Sr(3)-0(3WN) 140.3(8) 0(3WM)-Sr(3)-0(3WN) 58.7(6)

Symmetry operations for equivalent atoms 
A —x+1/2,—y+1/2,—z+1 B —x+1/2,—y+1/2,—z C —x,y,—z+1 
D x,-y,z E -x,y,-z F -x,-y,-z+l G -x+l/2,y-l/2,-z+l 
H x-l/2,y-l/2,z 1 x,-y+l,z J -x,-y+l,-z
K —x+1/2,y+1/2,—z L —x,—y,—z M x+1/2,—y+l/2,z 
N x+l/2,y+l/2,z
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Table 4. Anisotropic displacement parameters (Â̂ ) for Sr- Clinoptilolite at ambient 
temperature. The anisotropic displacement factor exponent takes the form: -27î [ĥ a*̂ Û  
...+ 2hka*b*U' ]̂

U" jj22 U33 U23 Ul3 Ul2

Si(l) 0.0168(4) 0.0132(4) 0.0163(4) -0.0001(3) 0.0068(3) -0.0008(3)
Si(2) 0.0131(4) 0.0169(4) 0.0137(4) 0.0007(3) 0.0054(3) 0.0007(3)
Si(3) 0.0156(4) 0.0157(4) 0.0122(4) -0.0006(3) 0.0058(3) -0.0009(3)
Si(4) 0.0119(4) 0.0194(4) 0.0131(4) 0.0015(3) 0.0045(3) 0.0000(3)
Si(5) 0.0122(5) 0.0191(6) 0.0144(5) 0.000 0.0055(4) 0.000
0(1) 0.041(2) 0.0173(16) 0.037(2) 0.000 0.0208(18) 0.000
0(2) 0.0248(13) 0.0256(13) 0.0358(14) 0.0071(11) 0.0090(11) 0.0067(10)
0(3) 0.0392(16) 0.0311(15) 0.0223(13) -0.0083(11) 0.0069(11) 0.0006(12)
0(4) 0.0337(15) 0.0341(15) 0.0360(15) -0.0039(12) 0.0220(12) -0.0111(12)
0(5) 0.0358(16) 0.0380(17) 0.058(2) 0.0029(15) 0.0270(16) -0.0137(14)
0(6) 0.043(2) 0.041(2) 0.0155(16) 0.000 0.0036(16) 0.000
0(7) 0.0317(14) 0.0386(16) 0.0349(15) -0.0145(12) 0.0198(12) -0.0021(12)
0(8) 0.0261(13) 0.0251(13) 0.0331(14) -0.0025(11) 0.0065(11) 0.0091(10)
0(9) 0.0430(17) 0.0379(16) 0.0178(12) 0.0046(11) 0.0131(11) 0.0068(13)
0(10) 0.0155(11) 0.0250(13) 0.0295(13) -0.0003(10) 0.0013(9) -0.0020(9)
Sr(l) 0.0239(8) 0.0230(8) 0.0525(11) 0.000 0.0210(7) 0.000
Sr(2) 0.0488(12) 0.0284(9) 0.0439(11) 0.000 0.0167(9) 0.000
0(1W) 0.023(7) 0.073(17) 0.029(9) 0.000 0.003(6) 0.000
0(2W) 0.054(10) 0.000(5) 0.014(6) 0.000 0.000(6) 0.000
0(3W) 0.023(3) 0.009(3) 0.042(4) 0.008(3) 0.021(3) 0.004(2)
0(4W) 0.018(6) 0.002(5) 0.043(9) 0.000 0.012(6) 0.000
0(5W) 0.051(11) 0.112(19) 0.051(11) 0.000 0.011(9) 0.000
0(6W) 0.104(17) 0.027(8) 0.082(14) 0.000 0.042(13) 0.000
0(7W) 0.085(17) 0.069(10) 0.13(2) -0.031(11) -0.001(13) 0.025(10)
Sr(3) 0.14(2) 0.027(6) 0.073(11) 0.000 0.015(14) 0.000
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Crystallographic Tables for Sr-Clinoptilolite at 200°C.

Figure 1: Asymmetric unit with thermal ellipsoids drawn at 50% confidence level.
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Table 1. Crystal data and structure refinement for Sr-Clinoptilolite at 200° C.

Expected chemical formula 
Chemical formula 
Formula weight 
Temperature 
À
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p, 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with ¥ ^ > 2 c  
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F̂ >2a]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

a = 90°
P= 113.382(8)° 
Y = 90°

SrsAlgSigo O72
S r i 6.00(8) Alô Sigo O72
2371.90 
473(2)K
0.68610 Â
Monoclinic 
C2/m

a = 17.196(8) Â 
b = 17.543(8) Â 
c = 7.371(4) Â 
2041.0(17)
1
1.930 g/cm̂
1.994 mm"’
1170
2.24 to 29.17°
h —22 to 23, k —24 to 24,1 —8 to 10 
79.9 %
5281
2467 (Ri„t = 0.0496)
1774
direct methods
Full-matrix least-squares on F̂
0.1030,24.8156
2467/ 1 / 132
R1 = 0.0984, wR2 = 0.2626 
R1 =0.1190, wR2 = 0.2750 
1.105
0.002 and 0.000 
0.756 and -1.483 e Â"̂
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â̂ ) for Sr- 
Clinoptilolite at 200°C. Ueq is defined as one third of the trace of the orthogonalized U'̂  
tensor.

X y z Ueq Partial
Occupa

Si(l) 0.29098(13) 0.41139(11) 0.5809(3) 0.0314(4) 0.25
Al(l) 0.29098(13) 0.41139(11) 0.5809(3) 0.0314(4) 0.75
Si(2) 0.06616(11) 0.20629(13) 0.2144(3) 0.0316(5)
Si(3) 0.20981(12) 0.31191(12) 0.1981(3) 0.0305(4)
Si(4) 0.17937(10) 0.33543(12) 0.7654(3) 0.0304(4)
Si(5) 0.0000 0.28804(18) 0.5000 0.0313(6)
0(1) 0.3100(10) 0.5000 0.557(3) 0.088(5)
0(2) 0.1187(4) 0.1315(5) 0.3140(13) 0.067(2)
0(3) 0.2419(6) 0.3823(6) 0.3511(13) 0.085(3)
0(4) 0.2341(4) 0.4031(5) 0.7166(12) 0.0590(19)
0(5) 0.1263(5) 0.2733(5) 0.1998(16) 0.077(3)
0(6) 0.0000 0.1800(9) 0.0000 0.082(4)
0(7) 0.0152(5) 0.2339(5) 0.3438(14) 0.068(2)
0(8) 0.2162(4) 0.2515(4) 0.7597(10) 0.0483(14)
0(9) 0.1897(4) 0.3569(4) 0.9922(10) 0.0517(16)
0(10) 0.0808(3) 0.3409(4) 0.6131(11) 0.0496(16)
Sr(l) 0.2505(2) 0.5000 1.0715(6) 0.1008(12) 0.75(1)

336



me n

U

i
' S
D

r^r^oo»noovo'Ot^r~vo r4
00

O O r ^ i n ^ r i i n c s i c n c v i f N i f N mc M v o o \ o ^ c < i c < i » n o N O v o a \v o v o » o ' 0 ^ ' 0 ^ v o » n ' O O N ^
1 -H  1-H  1 -H  1-H  1-H  1-H  1 -H  i - H  i- H  i- H

oointoinvo-^m-^cn
f S c N c N o o r ^ c o o s c n o N
c n c S ' ^ O N ’- H O N O O ^

-Tf- T)- Tf Tf
O  i n  e n  O
e n  o  e s  ON ON c 4

/—s /—\  O n o o  l / n  m  / — \  ^  e s  ^
e n  o o  e n  e n  

o o  •
1-H  1-H

O^  o o  ^
e n  o o  e s  o  ON

00 u n ON

§■a
U
ù

00

W)

i

1
o <

s
1
11 3
00

e n
(D

g

< ̂  
e s

99 NO en <
o

£
O  o 9 O 9

9 3 3 é é
c% c% 00 00

u  yr ~  ^ e n  ON

I 1  I

00 O00 OO NO 00 r - r - r~ r - NOu n NO u n e n ON o e s e s NO o oON O ON e s O O n o o e nNO NO u n NO u n NO NO NO u n NO e n O
1-H 1-H 1-H ^ H 1-H 1-H 1-H 1-H 1-H 1-H e n e n

e n  o  PQ O  \VVunr^unONoo-^r^^’—
| | 9 9 9 9 9 9 9 9 î î
< C < C e s e S e n e n r i - T f u n u n ' —
*
o o o o o o o o o o c o o o o o o o o o o o o o

999 C :I
^  ^  ^  % 
1-H 1-H e n  u n

O O O O

00 00 00 
I I I

/% . P Q
NO NO ON 0 0

î î î î
<N e s  e n  e n  c o
A A A Au n  u n  u n  
O O O O

â 
9
9

ON O n

î î î

sgW
î ïy ^ ,  ^

î i l
00 00 00 

I I IPQ
ON 0 0  o o  T f

o o o o

00 00 

é è
O  O

00
o '  A  Ü  A  [ I .
^  ON e n  O n e n

O O O O O

PU PU 

? ?
00 00 A A
ON T)-

O  O

u n  T t  u n  u n  N O  N Ou n  00 u n  u n  e nr - I  o  c 5  ^  o e )  u n  e s
1-H  i- H  1-H  1-H

s s
Tj-

T f  Tj- r~ . Tj- Tj- e n

u n  o o  u n  o o  o  e n  NO
O  ON c5 NO ON -H
^H 1—* < 0  e n

NO

e nN O  .
-H  \ 0  o oĤ Ĥ VO
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Table 4. Anisotropic displacement parameters (Â^) for Sr-C linoptilolite at 200°C . The
anisotropic displacement factor exponent takes the form: -27Ĉ [ĥ a*̂ Û ’ + ...+ 2hka*b*U*‘̂]r l 2 i

U" U22 U33 U23 u'^ Ul2

Si(l) 0.0334(10) 0.0266(8) 0.0335(10) -0.0010(7) 0.0126(8) -0.0007(7)
Si(2) 0.0220(8) 0.0474(11) 0.0246(9) 0.0022(8) 0.0083(7) 0.0044(7)
Si(3) 0.0286(9) 0.0364(10) 0.0251(9) -0.0028(7) 0.0093(7) 0.0009(7)
Si(4) 0.0173(8) 0.0415(10) 0.0313(10) 0.0052(8) 0.0085(7) 0.0018(7)
Si(5) 0.0208(11) 0.0412(14) 0.0336(14) 0.000 0.0126(10) 0.000
0(1) 0.112(11) 0.041(5) 0.156(15) 0.000 0.102(11) 0.000
0(2) 0.040(3) 0.074(5) 0.082(6) 0.027(4) 0.018(4) 0.019(3)
0(3) 0.083(6) 0.090(6) 0.059(5) -0.038(5) 0.003(4) 0.016(5)
0(4) 0.041(3) 0.077(5) 0.063(4) 0.020(4) 0.026(3) -0.001(3)
0(5) 0.066(5) 0.074(5) 0.101(7) 0.020(5) 0.045(5) -0.011(4)
0(6) 0.094(9) 0.102(10) 0.031(5) 0.000 0.006(5) 0.000
0(7) 0.062(4) 0.077(5) 0.087(6) -0.025(4) 0.053(4) -0.004(4)
0(8) 0.040(3) 0.054(4) 0.047(3) -0.002(3) 0.013(3) 0.013(3)
0(9) 0.058(4) 0.054(4) 0.046(4) 0.006(3) 0.024(3) 0.012(3)
0(10) 0.021(2) 0.057(4) 0.060(4) 0.006(3) 0.004(2) 0.004(2)
Sr(l) 0.094(2) 0.0495(12) 0.144(3) 0.000 0.031(2) 0.000
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Crystallographic Tables for Sr-Clinoptilolite at 300°C.

F igure  1: A sym m etr ic  unit with therm al el lipsoids d raw n  at 50%  co n f id e n ce  level.
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Table 1. Crystal data and structure refinement for Sr-Clinoptilolite at 300°C.

Expected chemical formula 
Chemical formula 
Formula weight 
Temperature 
X
Crystal System 
Space Group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p 
F(OOO)
0 range for data collection 
Index ranges
Completeness to 0 = 25.00° 
Reflections collected 
Independent reflections 
Reflections with F^>2a 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F̂ >2a]
R indices (all data) 
Goodness-of-fit on F̂  
Largest and mean shift/su 
Largest diff. peak and hole

a = 90°
P= 113.179(14)° 
Y = 90°

SrsAlgSiso O72 
S r i 4.72(8) A le Siao O72

2371.90 
573(2) K
0.68610 Â
Monoclinic 
C2/m

a = 17.292(12) Â 
b= 17.615(13) Â 
c = 7.372(5) Â 
2064(3) À"
1
1.908 g/cm̂
1.972 mm"'
1170
2.23 to 29.24°
h -21 to 20, k -22 to 24,1 -5 to 10 
70.7 %
3118
2100 (Rü,t = 0.0460)
1400
direct methods
Full-matrix least-squares on F̂  
0.0461, 12.5755 
2100/0/  132
R1 = 0.0822, wR2 = 0.2000 
R1 =0.1097, wR2 = 0.2140 
1.047
0.000 and 0.000 
0.750 and -0.543 e Â“̂
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (Â̂ ) for Sr- 
Clinoptilolite at 300°C. Ueq is defined as one third of the trace of the orthogonalized 
tensor.

X y z Ueq Partial
Occupa

Si(l) 0.20899(12) 0.08958(10) 0.4187(3) 0.0342(4) 0.25
Al(l) 0.20899(12) 0.08958(10) 0.4187(3) 0.0342(4) 0.75
Si(2) 0.06611(11) 0.20630(11) 0.2143(2) 0.0345(4)
Si(3) 0.20967(12) 0.31122(10) 0.1990(2) 0.0338(4)
Si(4) 0.32063(11) 0.16517(11) 0.2365(2) 0.0327(4)
Si(5) 0.5000 0.21240(16) 0.5000 0.0357(6)
0 ( 1 ) 0.1915(7) 0.0000 0.443(2) 0.084(4)
0(2) 0.1182(4) 0.1333(4) 0.3154(11) 0.074(2)
0(3) 0.2410(5) 0.3798(5) 0.3526(11) 0.096(3)
0(4) 0.2668(4) 0.0973(4) 0.2863(10) 0.0660(18)
0(6) 0.0000 0.1798(7) 0.0000 0.084(3)
0(5) 0.1264(4) 0.2731(4) 0.2013(13) 0.079(2)
0(7) 0.0157(4) 0.2337(4) 0.3439(11) 0.072(2)
0(8) 0.2838(4) 0.2490(3) 0.2413(9) 0.0557(15)
0(9) 0.1897(4) 0.3561(4) -0.0090(8) 0.0541(14)
0 ( 1 0 ) 0.4187(3) 0.1595(3) 0.3863(9) 0.0516(14)
Sr(l) 0.2432(2) 0.5000 0.0685(7) 0.1122(19) 0.59(7)
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Table 3. Selected bond lengths [Â] and angles [°]for Sr-C linoptilolite at 300°C.

Si/Al(l)-0(1) 1.629(3) Si/Al(l)-0(2) 1.641(6)
Si/Al(l)-0(3A) 1.654(6) Si/Al(l)-0(4) 1.654(7)
Si(2)-0(2) 1.579(6) Si(2)-0(5) 1.600(6)
Si(2)-0(7) 1.600(6) Si(2)-0(6) 1.612(4)
Si(3)-0(5) 1.594(6) Si(3)-0(3) 1.597(7)
Si(3)-0(8) 1.620(6) Si(3)-0(9) 1.637(6)
Si(4)-0(8) 1.615(6) Si(4)-O(10) 1.622(5)
Si(4)-0(4) 1.644(6) Si(4)-0(9B) 1.658(6)
Si(5)-0(7A) 1.595(6) Si(5)-0(7C) 1.595(6)
Si(5)-O(10) 1.619(5) Si(5)-O(10D) 1.619(5)
Sr(l)-0(9) 2.681(7) Sr(l)-0(3) 2.989(11)
Sr(l)-0(4) 3.075(9) Sr(l)-0(4H) 3.075(9)

0(l)-Si/Al(l)-0(2) 108.6(5) 0(1)-Si/Al(l)-0(3A) 104.5(6)
0(2)-Si/Al(l)-0(3A) 110.0(4) 0(l)-Si/Al(l)-0(4) 108.9(4)
0(2)-Si(l)-0(4) 112.1(4) 0(3A)-Si(l)-0(4) 112.3(4)
0(2)-Si(2)-0(5) 111.3(4) 0(2)-Si(2)-0(7) 107.9(4)
0(5)-Si(2)-0(7) 109.6(4) 0(2)-Si(2)-0(6) 106.2(5)
0(5)-Si(2)-0(6) 112.4(5) 0(7)-Si(2)-0(6) 109.2(3)
0(5)-Si(3>-0(3) 111.5(5) 0(5)-Si(3)-0(8) 111.3(4)
0(3)-Si(3)-0(8) 110.7(4) 0(5)-Si(3)-0(9) 110.8(4)
0(3)-Si(3)-0(9) 100.7(4) 0(8)-Si(3)-0(9) 111.5(3)
O(8)-Si(4)-O(10) 110.9(3) 0(8)-Si(4)-0(4) 113.4(3)
O(10)-Si(4)-O(4) 109.6(3) 0(8)-Si(4)-0(9B) 110.0(3)
O(10)-Si(4)-O(9B) 110.0(3) 0(4)-Si(4)-0(9B) 102.5(3)
0(7A)-Si(5)-0(7C) 106.9(6) O(7A)-Si(5)-O(10) 110.9(3)
O(7C)-Si(5)-O(10) 109.2(4) O(7A)-Si(5)-O(10D) 109.2(4)
O(7C)-Si(5)-O(10D) 110.9(3) 0(10)-Si(5)-0(10D) 109.7(4)
0(9)-Sr(l)-0(9G) 141.9(3) 0(9)-Sr(l)-0(3G) 136.1(3)
0(9)-Sr(l)-0(3) 51.77(17) 0(3G)-Sr(l)-0(3) 90.2(3)
0(9)-Sr(l)-0(4B) 52.61(17) 0(3)-Sr(l)-0(4B) 100.91(17)
0(9)-Sr(l)-0(4H) 116.5(2) 0(3)-Sr(l)-0(4H) 168.2(2)
0(4B)-Sr(l)-0(4H) 67.7(3)

Symmetry operations for equivalent atoms
A —x+1/2 ,—y + l/2 ,“ Z+l B —x+1/2 ,—y + 1/2,—z C x+ 1 /2 ,—y + l/2 ,z  
D - x + l ,y , - z + l  E x ,-y ,z  F - x ,y , - z  G x ,-y + l ,z  
H —x+ l /2 ,y + 1/2,—z
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Table 4. Anisotropic displacement parameters (Â^) for Sr-C linoptilolite at 300°C . The
anisotropic displacement factor exponent takes the form: -27i^[h^a*^U'^ + ...+ 2hka*b*U^^]

u ” jj22 U23 Ul2

Si(l) 0.0371(11) 0.0293(8) 0.0358(8) 0.0005(6) 0.0139(7) 0.0001(6)
Si(2) 0.0245(10) 0.0501(10) 0.0279(8) 0.0021(7) 0.0093(6) 0.0032(7)
Si(3) 0.0334(11) 0.0389(9) 0.0283(8) -0.0023(7) 0.0111(6) 0.0009(6)
Si(4) 0.0212(10) 0.0432(9) 0.0333(8) 0.0043(7) 0.0104(6) 0.0018(6)
Si(5) 0.0245(14) 0.0475(14) 0.0378(12) 0.000 0.0152(9) 0.000
0(1) 0.105(8) 0.038(4) 0.147(11) 0.000 0.089(8) 0.000
0(2) 0.040(4) 0.079(5) 0.095(5) 0.029(4) 0.017(3) 0.018(3)
0(3) 0.092(6) 0.105(6) 0.065(4) -0.055(4) 0.005(4) 0.013(4)
0(4) 0.049(4) 0.080(4) 0.075(4) 0.026(4) 0.030(3) -0.005(3)
0(6) 0.086(7) 0.105(8) 0.033(4) 0.000 -0.006(4) 0.000
0(5) 0.063(5) 0.071(4) 0.115(6) 0.026(4) 0.049(4) -0.010(3)
0(7) 0.062(4) 0.089(5) 0.084(5) -0.023(4) 0.049(4) -0.002(3)
0(8) 0.053(4) 0.059(3) 0.055(3) 0.000(3) 0.021(3) 0.020(3)
0(9) 0.066(4) 0.058(3) 0.044(3) 0.005(2) 0.027(3) 0.006(3)
0(10) 0.015(3) 0.066(3) 0.061(3) 0.007(3) 0.001(2) 0.000(2)
Sr(l) 0.089(2) 0.0431(13) 0.171(4) 0.000 0.016(2) 0.000
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