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1. Preface

In common life we pass clay minerals without noticing them. We should better say, we
pass them without knowing what they are. Ages have passed and ochre is still a
traditional pigment. Clay minerals appear in pottery, ceramics, cosmetic and
pharmaceutical industry and are used in synthetic materials. They find use in metallurgy
and in processing of other raw materials. They play an important role in agriculture and
environmental protection (e.g., in radioactive waste disposal). Their application is
evidently very wide and the demands of technologies and quality management lead us
to evaluation of the quality of the clay raw materials.

Various new methods of analysis are tested and applied in order to gain information
within short time, non-destructively’ and at the lowest possible cost. The analytical
methods selected must then be adapted to satisfy the requirements of geochemical
analysis. Collaboration among various scientific disciplines is now necessary to solve
the problems and to open new views of the world.

2. Aims of the study

The surface structure of clay materials and its properties are closely bound to the
character of their inner structure, its chemical composition and crystallinity. The
interactions of expandable clay minerals with their surroundings — exchange of cations
and sorption of organic molecules — have been well known for a long time. They are
best quantitatively described using the concept termed the Cation Exchange Capacity
(CEC). The older methods for determination of CEC are time consuming and thus are
not suitable for analysis of large sets of samples. New, simpler methods are being
developed to rapidly obtain reliable results.

In 1997, Bergaya and Vayer reported a new, fast method for determination of CEC
using the copper-II complex with polyamines.? The method was recognized and further
developed by Meier and Kahr in 1999.% The first evaluation of this Cu-trien procedure
and its reliability, using a colorimetric detection of the complex in the supernatant, was
performed in 2005 by Amman.*

Nevertheless, there are still some questions left unresolved:

— What is the reliability of the Cu-trien method when using atomic
absorption/emission spectroscopy?

— How much the results differ between AAS/AES and colorimetry?

— Are the results affected by the composition of the stock solution, by the way of
its addition and by the sample preparation procedure?

— Does the type of the interlayer cation influence the results?

— How much the results differ from those obtained by the classical NH;'HAc
method?

This study is aimed at answering these questions, establishing the properties of the Cu-
trien method, defining its limitations and evaluating its suitability for analyses of clay
minerals.



3. Introduction

3.1. Origin and interactions of clay minerals

Clay minerals are formed by weathering of parent rocks under various conditions. Their
particles can be formed in two ways as a consequence of hydrolysis:

— nucleation and growth

~ recrystallization
The type of the parent rock and the intensity of weathering influence the structure of
newly formed material. The structure is further influenced by outer factors, such as
temperature and pressure. Clay minerals adapt their structures to the outside conditions
and change their properties accordingly. This reconstitution is called diagenesis. The
diagenesis usually creates several minerals - transitional zones of different mineral
com;;ositions (see, e.g., the description of zones in postmagmatic alteration, Kawano
1991°).
In general, the climatic dependence of mineral structure serves as an indicator of climate
in the past (paleoclimatic record) and the clay minerals are used as paleo-thermometers.
The diagenesis indicates the conditions during deposition of a material (burial
digenesis). For example, kaolinite and dickite and their transition minerals from the
kaoline group have been used to work out the history of petroleum basins.® Clay
minerals may influence the formation of accompanying minerals.” On the other hand,
clay minerals are influenced by living organisms like plants, fungi or insects.®

3.2. Definition of clay mineral

Before presenting the structures of individual clay minerals, their general definition
should be provided, based on the standardized structural terms:
— The plane, formed by atoms
— The sheet, consisting of linked tetrahedra or octahedra
— The layer, composed of sheets (1:1 or 2:1); layers may be separated by interlayer
material (cations, hydrated cations, organic molecules, hydroxide octahedral
groups and sheets)
— The unit structure, assembled of the layer and interlayer material
Note: The plane, sheet and layer refer to increasingly thicker arrangements.’

The term, clay mineral, refers to phyllosilicate minerals and to minerals which impart
plasticity to clays and which harden upon drying or firing.'” Phyllosilicates contain
continuous two-dimensional tetrahedral sheets of composition ToOs (T = Si, Al, Be...)
with tetrahedra linked by sharing three corners of each, and with the fourth corner
pointing in any direction. The tetrahedral sheets are linked in the unit structure to
octahedral sheets, or to groups of coordinated or individual cations. (Brindley & Pedro
1972, reported in Summary of Recommendations of the AIPEA Nomenclature
Committee®)

The term, clay mineral, is often confused with the term, clay. According to AIPEA
(Association internationale pour I’etude des argyles - International Association for the



study of clays), clays are defined as naturally occurring materials composed primarily of
fine-grained minerals, which are generally plastic if sufficiently damp and which harden
when dried or fired. They may contain associated phases that do not impart plasticity
and organic matter.'"® AIPEA differentiates the minerals present in the clays into the
categories of clay minerals and accompanying minerals."’ The criteria of the particle
size and the surface area, as proposed by Moore'? have not been found suitable for the
mineral classification scheme."

3.3. Structure and properties of clay minerals

It is clear from the definition by Brindley and Pedro that the structure consists of two
basic sheets.

3.3.1. Structure of layers

A tetrahedral sheet is ideally formed by tetrahedra of oxygen atoms with silicon in the
central position, connected through basal oxygens to form a sheet. The structure of a
tetrahedral sheet is depicted in Fig. 3.1. In this arrangement, the sheet has no overall
electric charge. In natural materials a non-equivalent substitution of silicon by AP*
commonly occurs and other ions can also enter this position (Fe’*, Ge''). The
substitution by Fe’* is less common. The remaining oxygen, which does not link
tetrahedra, is called apical and it links tetrahedral sheets to octahedral ones.

Tetrahedral sheet: front view  view from above
‘ oxygen tetrahedron
> A
(o) silicon

Linking tetrahedrons:

A —

hexagonal cavity

Fig. 3.1 - Structure of a tetrahedral sheet

An octahedral sheet is formed by octahedra where the apices are occupied by —O and
-OH groups and the central position by AI**, Fe**, Fe**, Mg** or Mn**(other elements
are also possible).!! An octahedral sheet can be formed in two ways. When all the
positions are occupied by a divalent cation, such as Mg*’, the sheet is called
trioctahedral. When the two thirds of the postitions are occupied by a trivalent cation,



such as AI**, the sheet is called dioctahedral. The structure of an octahedral sheet can be
seen in Fig. 3.2.

front view front view

Octahedral sheet

° oxygen, hydroxyl octahedron

Q AI",Fe",Mg", Fe” etc.

Linking octahedra
every third position all positions are
> >
is vacant, sheet is occupied by M™
occupied by M”
dioctahedral sheet trioctahedral sheet

Fig. 3.2 - Structure of an octahedral sheet

A layer of a clay mineral is formed by connecting these two sheets. When an octahedral
sheet is connected with only one tetrahedral sheet, then the 1:1 minerals are formed.
When the octahedral sheet is packed in-between two tetrahedral sheets, the 1:2 layer is
formed. The sheet linking is shown in Fig. 3.3

O oxygen @ hydboxyl @ A’
O and @ silicon oy akmumm

LT L g
.ug.h

Fig. 3.3 - Formation of a layer, linking of sheets



3.3.2. Charge of layers

Permanent charge

The structure mentioned above describes an ideal state when no non-equivalent
substitution appears. This case is, in fact, very rare and substitution of a higher-charged
cation by a lower-charged one leads to a negative overall charge on the structure. The
permanent charges thus result from isomorphic substitutions and defects in the
octahedral and tetrahedral sheets. The most common non-equivalent substitutions
involve:

— substitution of Si** by AI** in tetrahedral sheets and

— substitution of AI** by Mg?*, Fe** by Fe?* etc in octahedral sheets.
The charge is then localized on the appropriate substituted sheet. Substitutions on both
the sheets are also common. The extent of substitution is not limited. Structures with
one prevailing octahedral cation possess mineralogical names. Minerals with structures
in between two named structures are commonly named according to the more similar
structure. The charge imbalance has to be neutralized. It is attained by inserting
interlayer cations in-between layers. The strength of the interaction between the cation
and the layer depends on the charge localization and the type of the compensating
cation. Under certain conditions, the permanent charge can be neutralized by inserting a
small cation into the structure.

Variable charge

Another part of the total charge on the layer is called variable charge. This charge
originates from defects of the structure (the charge on the crystal edges) and the pH
which causes protonation and deprotonation of outer —O and —OH groups."*

The total charge

The sum of the permanent charge (dependent on the non-equivalent substitution) and
the variable charge (dependent on defects and the pH) is called total charge. For
smectites, the variable charge varies from 10 to 30% of the total cation exchange
ability."”® The capacity of mineral for retaining cations, the cation exchange capacity
(CEC), then results from the attractive forces generated by these charges located on the
structure.

3.3.3. Determination of charge

The homogeneous distribution of layer charge over the crystal is only an ideal
assumption and, concerning montmorillonites, the charge density varies from layer to
layer. The following methods are used to determine the layer charge:

Calculation of mineral structural formulae from the results of chemical analysis

In this way it is difficult to obtain reliable data. The calculation depends on the
following assumptions:

~ the chemical analysis is performed on a sample of a single mineral

-~ the chemical analysis is reliable



— silicon cations exist only in tetrahedral sheets, aluminium cations occupy the rest
of the tetrahedral sites, if Si and Al cations are insufficient to fill all the
tetrahedral sites, the remaining ones are occupied by iron cations

— other cations are assigned to octahedral sheets and/or to the interlayer space

— at least one type of site (tetrahedral or octahedral) is fully occupied

The calculation can be performed in two ways. The first one depends on the assumption
that the O network is perfect and fully compensated by central atoms. The other one
assumes that the central atoms occupy all of the tetrahedral and octahedral positions in
the unit cell. The structural formulae method gives the total charge of the layers. It is not
significantly influenced by a 10% layer silicate admixture. The presence of free oxides
causes problems. The formulae can also be derived from acid dissolution (ADT) in
combination with spectroscopic methods. The ADT is not suitable for mixtures of
layered silicates, non swelling dioctahedral layered silicates and mixed-layered
minerals.'®

The alkylammonium method

The method is based on intracrystalline reactions with primary n-alkylammonium salts
(C: 6, 7, 8...18). The exchange is quantitative and may require a pre-treatment of
samples, e.g., the removal of organic matter and free oxides. According to the interlayer
cation density and the alkylammonium chain length, ions arrange into different
structures (Fig. 3.4).

Transtitions in alkylammonium method

Pseudotrimolecular
layers (h3)

d (angstroms)

AN D B NN NN JENN NN DN NN NN BN NN DN DN NN BN AN SN AN SN {

!
8§ 9 10 11 122 13 14 15 18 17 18 18

number of C atoms

Fig. 3.4 - Increase in the basal spacing in relation to the arrangement
of alkylammonium ions in the interlayer space

The structures with flat chains (h1 — h3) are formed when the cation density is smaller
than 0.5. For most smectites, the transition from hl to h2 is not sharp and mixtures of hl
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and h2 layers are present in the samples. The start of the transition is related to the
highest and the end to the lowest interlayer cation density. The h2 to h3 transition is
related to the highest surface charge density of the silicate layer. The paraffin-type is
characteristic for highly charged vermiculites, with a layer charge of at least
0.75 eq/(Si, Al)4O|o, where the tilt angle is related to the layer charge.'” The pos1t10n of
001 diffraction is not influenced by the solvent used during the intercalation.'® The
correction for the Lorentz and polarization factors, to§ether with curve-fitting,
significantly improves the reliability of the determination.” The use of an internal
(Ag-behenate) standard also allows for a correction of 001 diffraction at low angles by
interpolation.?? This method can determine the layer charge of several 2:1 clay minerals
in a mixture and the charge distribution can be calculated from the basal spacing in the
transition range.'®

Note: The comparison of the structural formulae and the alkylammonium methods
concludes that the former estimates the total charge and the latter the permanent charge.
Tetrahedral and octahedral charges are highly sensitive to contamination and wrong
assumptions concerning the structural formulae. The alkylammonium method exhibits
uncertainties about the particle size effect; the packing densities of interlayer
alkylammonium cations and the configuration of the structure in the mono-bilayer
transition (see Fig. 3.5, the standard interpretation operates with a mixture of
monolayers and bilayers, for an island-like structure, where the interlayer volume is
largely filled up, the permanent charge is underestimated). A comparison of the results
shows substantial underestimating/overestimating of high/low-charged smectites by the
alkylammonium method.2!"?

Mixture of layers Island-like structure

Fig. 3.5 - Possible configurations of an intercalated smectite

Observation of intracrystalline reactions

The K" saturated ethylene-glycol solvated samples can be used to estimate the layer
charge and the charge distribution by fitting the XRD oriented sample pattern. The
pattern is modelled as a combination of 3 different structures with charge-0.39
(001 basal spacing 17.1 A), -0.42 (001 b. spacmg 13.5 A) and -0.53 for low-charge and
-0.76 for high-charge (001 b. spacmg 9.98 A).2 The tetrahedral and octahedral charge
can be distinguished by Li* fixation.'
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Dye aggregation

The organic dyes have a high affinity to smectites. They can adsorb in a higher extend
than required by CEC (cation-exchange capacity) and form aggregates due to
non-coulombic interactions.’*?*> Methylene blue (MB) was found to be a probe
molecule reacting to the surface properties by aggregation even with very small
loadings. Monomers, dimers and aggregates can be observed in the VIS spectra
(Fig.3.6, Table 3.1).2° The aggregation process is controlled by the layer charge.
Therefore, the amount of each species qualitatively reflects the layer charge
distribution.”’” The MB aggregation is also significantly influenced by the
tetrahedral/octahedral charge ratio®® and cation present in the interlayer space.?’ Other
dyes, forming aggregates with different optical properties than isolated dye cation, can
be successfully applied in the layer charge investigation.>**'*2

<L

Monomers Dimers
Molecule of dye
A
Phylosilicate layer
H-aggregates J-aggregates

Fig. 3.6 - Possible arrangements of a dye molecule on the phyllosilicate layer

Table 3.1 - Positions of the absorption band according

to the dye aggregate
Species Absorption band (A, nm)
H-aggregate 570-590
H-dimer 600
Monomer 650-675
J-aggregate, acidified 770

CEC (cation-exchange capacity) determination

It displays the total charge under the given conditions (the temperature, pH and the
index cation chosen for displacement of the natural interlayer cations). The interlayer
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cations and CEC are discussed below. The overview of the methods is given in Section
3.8.5.

3.3.4. Interlayer cations

Interlayer cations compensate for the non-equivalent substitutions and the pH dependent
variable charge. Their sum is called cation-exchange capacity (CEC) and it represents
the total charge present in the structure. (Note: However, there is no linear correlation of
CEC with the layer charge determined from structural formulae calculations. A better
correlation was found compared with layer charge determined by alkyammonium
method. CEC values recalculated from layer charge obtained by this method are
20 - 30% lower than obtained experimentally****)

The type of interlayer cation significantly influences the properties of a clay mineral.*®
The interlayer cation rules the hydration of the interlayer space. Hydration runs via
interstratified hydrated states and the opening of layers occurs at a defined relative
pressure in relation to the hydration energy of the interlayer cation. The Li- and Na-
montmorillonites show limitless “osmotic” swelling. K- and Rb-monmorillonite tend to
aggregate layers and Cs-montmorillonite remain in quasi-crystals during the whole
process of water adsorption. Hydration of larger cations involves lower number of water
molecules per cation and thus a lower content of water in the interlayer space.’® The Ca-
and Mg- montmorillonites are characteristic by the presence of two water layers in the
interlayer space over an extensive range of relative humidity. Dehydration is also driven
by the interlayer cation. The larger the cation, the lower is its solvation energy and its
tendency to retain water molecules.’’

The interlayer cations can be extracted from the clay mineral by another cation, which is
called index cations. The experimental data indicate that many exchange reactions are
significantly irreversible and display hysteresis. There is no hysteresis during
homovalent exchanges of divalent cations. However, when the exchange reaction
involves ions of different valences, hysteresis occurs and can be explained as follows:

— The swelling hysteresis concerns the content of water in the interlayer space.
The K*, NH;" and Cs* ions expand the interlayer space during the swelling to
14-15 A, divalent cations to 19 A. The Na* and Li" expand the interlayer space
limitlessly. Hysteresis may be expected whenever there is a change in the
interlayer space during the exchange.

— The other source of hysteresis comes from the formation of quasi-crystals. Much
of the apparent irreversibility is a consequence of imperfection of the dispersion
(flocculation). This process is influenced by the nature of the adsorbed ion, the
electrolyte concentration, and the type of the clay and its concentration. The air
drying of a smectite suspension also increases the average size of
quasi-crystals.*® The prediction of backward scanning curves is not possible due
this feature.*’

Note: Hysteresis has also been found during the water sorption/desorption from the

vapor and liquid phases on Na-montmorillonite and its desorption. The differences in
the relative humidity and the degree of order in the stacking of the clay layer have been
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observed and explained by differences in the state of the material before hydration and
after dehydration. During hydration, the interlayer cation is hydrated at the appropriate
vapour pressure; it is extracted from the cavity, leading to relaxation of the mineral
structure and liberation of the strain energy. Hydration increases the order in the layer.
Desorption of water molecules proceeds in the opposite direction but the degree of order
is not entirely degraded.*’

Exchange processes occurring in the vicinity of a single clay particle can be described
by the Stern-Gouy double-layer model. The interlayer cations are held by electrostatic
attraction in hydrated form next to the negatively charged clay particle surface (a
homogeneous charge distribution is assumed). The attraction force is balanced with
outward molecular diffusion. This model has been successfully applied to modeling and
confirmed experimentally.*! The exchange reactions can also be characterized in terms
of the free energies (AG°.y), the cation selectivity and fixation resulting from interplay
of the attractive forces of the hydration shell and the clay surface. The cation selectivity
is a function of the layer charge (the distribution of cations between high- and low-
charge interlayers shows cation segregation). The hydration energy and the
water-molecule shell are important for the resultant molarity of the interlayer space. The
cation size is important for approaching the site of negative charge.*? The selectivity has
also been predicted from the Hard and Soft Acid and Base (HSAB) model where a hard
acid (e.g., Li*, Na’, K*, Rb* or Cs") prefers coordination with a hard base (e.g. OH,
H,0) and a soft acid (e.g., Ag’, TI') with a soft base (e.g. the thiol group). The charge
location also influences the surface basicity. Coordination of water to O groups is
stronger when the charge is localized in the tetrahedral sheet than when it is present in
the octahedral sheet. Under a constant temperature, pressure and ionic strength, the
alkali cation selectivity can be quantitatively predicted form the tetrahedral and
octahedral charges of the clay mineral and the absolute electronegativity and softness of
the exchangeable cation.*> The adsorption of an interlayer cation is complicated when
the pH varies and complexes are formed with other ligands present in the
suspension. 43

It follows from these considerations that the cation exchange capacity must be
determined using a homovalent ion exchange reaction with a cation whose affinity to
the clay mineral surface is higher than that of the cations originally present in the
mineral.

3.4. Classification of clay minerals

Clay minerals are classified according to their structure and charge present on the layer.

1:1 clay minerals

The 1:1 minerals possess a small or no charge. The imbalance is compensated by
substitution in an accompanying sheet. The 1:1 minerals are further classified in terms
of the character of the octahedral sheet. The kaolin group is formed by dioctaheral
minerals (Al4Si4O,0(OH)s) and the group of serpentine is formed by trioctahedral
minerals (MgeSisO10(OH)s). Examples of these minerals are listed in Table 3.4 (pp.
17-18).
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2:1 clay minerals

The layer charge is important for classification of 2:1 minerals. The charge is expressed
per the formula unit: T40;0(OH), and equals the sum of the tetrahedral and octahedral
sheet charges. The groups of 2:1 minerals are given in Tables 3.2, 3.3 and 3.4

(pp. 17-18).

Table 3.2 - Classification of 2:1 clay minerals into groups
according to the layer charge

Group Charge per formula unit (e)
Talc and phyrophyllite 0
Smectite 0.2-0.6
Vermiculite 0.6-09
Mica (illite and glauconite) 09-1.0
True mica* 1.0

* These are present in macro forms (not in the clay size fraction)
and serve as structural and chemical models for 2:1 minerals

It is impossible to distinguish between a medium charged smectite and vermiculite
(layer charge per half unit cell is 0.6) and the samples are suggested to be called
smectite-vermiculite intermediates.® The difference between hectorite (tetrahedral
charge) and montmorillonite (octahedral charge) is also problematic; application of a
test distin7guishing the charge location (see the Green-Kelly test, Section 3.8.3) is
doubtful.*

Table 3.3 - Detailed classification of 2:1 clay minerals according to

the layer charge'’

Mineral Layer charge Interlayer CEC

per half unit cell [0,6(OH),] (cmolckg™)
Hectorite 0.20-0.25 50-65
(smectite)
Montmorillonite 0.25-0.40 70-110
(smectite)
Vermiculite 0.50-0.80 130-210
Illite
(hydromica) 0.60-0.90 160-230
Biotite ~1.00 ~220
(mica)
Muscovite ~1.00 ~260
(mica)

Chlorites

These minerals are not classified according to the layer charge. These 2:1 minerals
differ in the occupation of interlayer space. The compensating element is an octahedral
net with a positive charge expressed by the formula: [(R**,R**)3(OH)s]". Chlorites are
classified according to the type of octahedral sheets. The majority of chlorites contain
trioctaheral sheet in both layer and interlayer sheet. There is only one mineral with both
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dioctahedral sheets (donbassite). Chlorites with dioctahedral layer and trioctahedral
interlayer sheet are known, however, a structure with a trioctahedral layer and a
dioctahedral interlayer sheet has never been observed.

Sepiolite and palygorskite

The last group of clay minerals is formed by sepiolite and palygorskite. The structures
of these minerals differ from the others. Tetrahedral sheets are periodically inversed, the
connected octahedral sheet appears alternately above and below the tetrahedral sheet
plane and the adjacent modulated (periodically inversed) tetrahedral sheet is connected.
The layers formed in this manner produce net of channels in the structure.

3.5. Mixed-layered minerals

Physical mixtures of various clay minerals occur most often. Deposits of pure
(one-phase) clay mineral are very rare. Admixtures of minerals other than clay minerals,
e.g., quartz, feldspars, rutile (anatase), siderite, calcite, dolomite, magnesite, iron oxides,
gypsum, gibbsite etc. are common. Mixed-layered minerals are not physical mixtures of
layered silicates but intergrown layers of different clay minerals forming crystallites.
The layers may be stacked in a random, partially regular or a regular manner. The
degree of ordering is described by R — Reichweite which represents the probability of
finding layer A after layer B in the structure. If the stacking is random, then R = 0, when
it is regular, then R = 1. The values R = 2 or 3 can be encountered when ordering is
tracked in relation to one layer (e.g. R = 2: ABBABBABB.., R = 3:
ABBBABBBABBB...).

Regularly stacked layers with R = 1 form superstructures with characteristic sets of 001
basal reflection in XRD powder diffractograms. A mixed-layered mineral has the
privilege of its own name only when it fulfills perfect interstratification in XRD
patterns.*® These minerals involve, e.g.:

— rectorite 1:1 paragonite:smectite

— tosudite 1:1 dioctahedral chlorite:smectite

— aliettite 1:1 talc:saponite
The irregularly stratified minerals are important markers of their enviroment during
their formation or burial period. The mixed-layered mineral formed from layers of illite
and smectite — commonly written I/S — is reported as a paleothermometer, because of its
temperature sensitivity.

3.6. Overview of clay minerals

An overview of clay minerals can be found in Table 3.4 (created according to Bailey
1980° and corrected as in Guggenheim et al. 1997*%). Some minerals can appear in more
than one space group, depending on its polytype (the character of layer stacking
disorder).
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Table 3.4 - overview of clay minerals

Ll

(BN :"0 JoAe[10yur

30:0% nOuEB 9/TO (@) a...mD Jq n+n~<v Qwaowﬁhﬂnm S voTwI BOTWI 01
() :*0 124epiogul [eIp3yelo0Ip [eIpaye1doIp
AMYM | W/ZH Ol« 4 q ;
e L<IV) 9)a00snw
‘ (O R AN )
usa18 ‘usaid oniq | w/z)| O pue L 4 mamaomm e8| reipoyerop eotwr | (eorwoIpAy) 01 - 60
: — T | TeIpayenorp am
aum | wizd| opueL| (o4, 8N, V)M
MO[[IA ‘ArI3 ‘U213 ‘SSO[INO[0 | W SHINOTULIdA J1d0OSOIONI yeooLn SHNOILISA
I 0ol /20 pue s1doosoroewr [eIp3qeIo0r [BIPOYBIOOLY | oA e
MO[[o£ ‘AeI3 ‘U913 ‘sSO[INOJ0d | W, ANOTWLIdA 91d0IsOIITI 201 SHNOKILISA H 690799
I [of /TO TTMOTULISA O} IoTur | [eIpayeloolp [BIPSYEII0IP
AyMm | w/zd 0 (1,8 0100y e ——— SIUREI
YSTu9aI3‘ ySIpal ‘Ysmofak ‘aygm | wyzd || O pue L (,;24/,,3W) ayuodes [eIpayelooLn
ysiumoiq CAW . IV) o
“gsuoar3 ‘mofpok ‘aym | ©/C) 0 oﬁ:o:ﬂozm_woa SIS s 70-20
uxId | wyzd L (,¢2:) anuonuou [EIpSYElo0lp go&.ﬁoo%
AMYM | w/z) L (,¢IV) an1apraq
ToAfis/Ae13 | /7D (,8W) o1e1 | [expayelooLn ore) oe)- ou
fei3‘umorq| (-)1d (V) amidydoidyd | tespayeroorp| anyidydoikd | niAydordyd 1°Z
us213 w) A+N0,ma+~wuza+m—<~n+mo,mv
AIUIPO | [RIpaYRIOOL supuadios oy
uddd| w) (,,°d) suLIdIyIaq o:ﬁ.ﬂsoww_ ou I:1
YSIU32I3 ‘YSIpal YSIMO[A ‘ym | 9D (,¢IV) ans4oyrey .
Q)01 ujjoe
AYm Id (,(IV) anurjoey [EIpSHFI2OW 191
dnoig 109Ys . 190ys (“HO)'0'1)
mo[o) | o ds| pesreqd (-3-9) saroads eroury [EIPOYEI0 dnoi8qng dnoin d  oreyn amyonng




81

[eIpayed0 — O Jedpayena) — T,
Aeid ‘aym | e/zd (¢IV/, 8D aiys1034Ted | Terpayeroown [ aynysiodATed | syysio84ed
Vi 1| Ie a[qeLreA
AeI3 ‘aym | ueuyg (,;8W) anjordas | [espayeldoLn ayjordss -onjordas )
UMOIq YSIppa1 ‘pa1 d3uelo | w/z) (,¢IV/, 9D smueuuad
ua13 mofpeAk | wyzd (,24/, 8N/, IN) aywuru (@)
‘ ‘ (,od/, W/, 2d) [expayejooL
U913 ‘umoiq ‘Aeid | wyg) £ +w:momm§ 5| TEIPAYEI0L
AMYMm ‘udI3d | wyzd (,;24/,,8W) 2101yo0UT]O
199ys OO J[qeLreA
aym | wyzd I ajopns IoAefaayur
A+ A\+m—<v P S.LOO& [RIpaYEIo0L
[eIpa : -p
€ Ohw [3 1 Jooaw )
umoIq ‘udaI3 ‘aaym | e/lzd P~w§\+m_<v 919009 [BIPOYEIS0Ip
‘ ‘ GV T, V) (t}poq)
YSTUaI3 “YSIMO[[L ‘ayym | w/z0) " onssequop | empoeomp| [FPRUEROP
}or[q ‘UMOIq YSIppal | W/Z) L (,;2:) anuue eom
MO[[aL “Aeid ‘umolq | wyz) L P«mvmv andogoqud [BIpaYEIo0LY _ﬁvquom_b
SIYM “MofIoK “umoiq rep | wyz) 1 CAN 2D nom




3.7. Use of clays and clay minerals

The clay minerals are widely used in building and foundry industry, in the production of
ceramic, cosmetic, pharmaceutic, rubber and plastic materials, in agriculture(e.g.,
influencing the mobility of herbicides’®’") directed toward medical applications, in
environmental protection, etc. The applications are lucidly summarized by Konta.*?

The environmental application has recently been extensively investigated. The clay
minerals are used as such or are chemically modified. Sorption of heavy metals on
various clay minerals has been studied. The predominant sorption process on bentonite
is cation exchange. Organic matter present in the clay causes various complexation
reactions.”® Chemical modification enhances the sorption, e.g., acid activation
increasing porosity.>* Modification of the interlayer space opens new possibilities.
Pillaring of the interlayer space by poly(oxo zirconium) or tetrabutyl-ammonium did not
bring an improvement in the Cu?* sorption® but enhanced sorption of Zn** through
surface complexation (poly(oxo zirconium) modification). The high affinity to Zn?* is
also exhibited by Al-pillared bentonites.*® The mobility of heavy metals in bentonites is
also governed by the pH and the nature of the organic chelating ligands present.’’>® The
sorption processes have successfully been modelled using computing techniques.”

One of the consequent logical applications is the use of clays in radioactive waste
repositories. The liquid low level radioactive waste is immobilized by cementation
where kaolin enhances immobilization.® The topic of bentonite barriers in nuclear
waste deposits is widely reviewed by Madsen®! with respect to physico-chemical factors
influencing the barrier. Further factors have also been investigated, e.g., the influence of
radiation on bentonite®?, evolution of gas phase and formation of cracks and bubbles in
the barrier®®, or interactions between the host rock and bentonite®.

A new widely investigated area of clay mineral application is polymer/layered silicate
nanocomposites.®’ The topic of biodegradable nanocomposites is reviewed well by
Okamoto.%

3.8. Investigation of clayey materials

3.8.1. Physical treatment of samples

— Disaggregating sample: milling is the most common way of disaggregating
samples. Care must be taken during the milling not to break the sample, as
demosntrated on the intensity of 001 diffraction of the XRD pattern. A 6 min.
milling causes a significant diminishing of diffraction, cation-exchange capacity
and specific surface area.’” The time of milling should not exceed 10 min.°® The
gentle manual disaggregaion by impact in mortar is preferred.®

— Size separation: It is performed by sedimentation of a salt-free sample or after a
chemical removal of admixtures (see below). The sedimentation rate in relation
to the particle size is described by the Stokes law (formulated for spherical
particles), see Egs. 3.1 and 3.2.
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v, =g-(d,-d,)-D* 118y (.1)

V, — terminal velocity d, — liquid density
g —force of gravity D - particle diameter
d, — particle density n — viscosity of liquid
t=18-n-hig-(d,-d,)- D? (.2)
t — time (s)

h — the particle trajectory (cm)

The settling force may be increased by centrifugation, thus significantly shortening the
time of clay-fraction preparation. For typical conditions of centrifugation see Table 3.5.
The separation may also be based on the shape of the particles. Weiszburg et. al had
separated quartz (3D grains) from 2D platy minerals by centrifugation in a
high-viscosity medium.*’

Table 3.5 - Examples of the centrifugation conditions for particle size

separation®
Particle Specific gravity Centrifuge speed Time (min.)
diameter (um) of particles (RPM)
5 2.65 300 33
2 2.65 750 3.3
0.2 2.50 2400 354

data for 20 °C, 15 cm distance from centrifuge axis to meniscus,
10 cm suspension depth, 1 cm of sediment on the cuvette bottom

3.8.2. Chemical treatment of samples

Chemical sample pretreatment is only performed when necessary, taking care to avoid
significant changes in the sample.

— Carbonate removal: The carbonates commonly function as buffers in samgles.m
The dissolution rates are slightly affected by the CO, pressure and salinity’’, but
they do not depend on the sample crystallinity or origin.”>” Carbonates are
removed using sodium acetate-acetic acid solution buffers at pH 5. Heating is
necessary to remove dolomite. Other way of removal is use of 0.3 M solution (or
a lower concentration) of acetic acid applied directly to the sample when
carbonate itself functions as the buffer.

— Sulfate removal: The dissolution of gypsum in water follows nonlinear
dissolution kinetics when the transport constant of molecular diffusion is similar
to the rate constant of dissolution.” The dissolution is mainly controlled by the
water flow velocity.”” Gypsum or anhydrite is removed from clay samples
according to Bodine and Fernalld’® by dissolution in 0.2 M solution of sodium
salt of ethylenediamineteraacetic acid (EDTA) with a pH of 11, adjusted by
sodium hydroxide. The supernatant is removed until the reaction of sulfates with
a 0.1 M BaCl; solution is negative.
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— Iron oxides removal: It is performed only when absolutely necessary. The
dithionite-citrate-bicarbonate method (DCB) designed by Mehra and Jackson’
is commonly used when the sample is dispersed in a citrate-bicarbonate buffer
and solid Na-dithionite powder is added. The reaction is carried out at 70 °C.
The application causes reconstitution of the octahedral sheet of nontronites
forming supercells, trioctahedral Fe** domains and a loss of hydroxyls.”” The
IR spectrum is significantly changed, re-oxidation is incomplete®’, magnetic®’
and other properties are also changed. Other methods with different reduction
extent have been developed (using hydrazine, sodium sulfide, sodium
hydrosulfide or benzidine, etc., as the reduction agents).®? The reduction of iron
oxides also affects mixed-layered clay minerals and chlorites.

— Organic matter removal: It is performed to avoid its influence on XRD patterns,
leading to broadening of X-ray diffractions because of intercalation of smectites
and an increase in the background®® what complicates identification of clay
minerals. The original procedure proposed by Jackson and using hydrogen
peroxide was replaced by sodium hyyochlorite agent® and recently by buffered
solution of sodium peroxodisulphate.*’

— Amorphous inorganic material removal: These admixtures generate errors
mainly in the establishment of the chemical formulae. Digestion with dilute
Na,CO; is used and heating is performed only during the last digestion step.®
Note: This procedure has also been recommended as a step preceding the
removal of iron oxides, to free the iron oxides from amorphous coating of the
sample grains.”’

— Preparation of homoionic forms: This is readily performed by soaking the
sample with a 1M solution of the chloride of a suitable monovalent cation (e.g.:
NaCl, LiCl) or a 0.1 M solution of a divalent cation chloride (e.g.: CaCl,,
MgCl,). The equilibrium of the cation between the solution and the solid phase
must be re-established on changing the supernatant. The process is finished by
washing out or by dialysis using distilled water or its mixture with ethanol.®

3.8.3. XRD analysis

X-ray diffraction (XRD) is the most common method in study of clay-sized minerals.
The XRD method is based on scattering of X-rays on the spatial structure of crystals.
The X-ray wavelength and the crystal cell dimensions are approximately the same
(107 m). This process can be understood as a reflection on the set of atomic planes. In
1912 W.L. Bragg worked out Bragg’s law which sums up the condition for constructive
interference of diffracted beams. The situation is described on Fig. 3.7. The constructive
interference is reached when beam 1 meets beam 2 after diffraction in phase. The
additional distance of beam 2 than has to equal the product of a whole number and the
wavelength.

We can formulate the condition as: Al =|CB|+|BD|=n-A (3.3)
When inter-planar distance is: d =|4B| (3.4)
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cB_ &
|[4B| 2-d
The additional distance is: Al=2-d-sin®=n-A 3.6)

The situation in ABC triangle is described by: sind = 3.5)

which is the diffraction condition and Bragg’s law.

Fig. 3.7 - Reflection on the set of atomic planes

Von Laue characterized the diffraction conditions in the 3D space and the
approximation has further been extended. Every atom has a different number of
electrons where scattering of X-rays takes place. The ability to scatter X-rays is called
the scattering efficiency of atom, f (it depends on the number of electron in an electron
shell). The scattering related to the arrangement of atoms in the unit cell, its scattering
efficiency, is called the structure factor, F. The kinematic theory describes diffraction
using these properties of atoms and unit cells. The theory of diffraction has further
developed as a dynamic theory. In reality, the diffraction width reaches an interval of
©20 values and not only a single angle position. This is caused by the alignment of
device, imperfections in the crystal order, the size of diffracting particles, mixed
layering or interstratifications of different kinds of clay minerals which form a
crystallite. As the consequence of their structure arrangement, clay minerals have plate-
like morphology and perfect 001 cleavage.

The source of X-ray radiation is an X-ray tube: the tungsten filament is the source of
electrons which are accelerated by voltage (15 — 60 kV) and fly through vacuum to
strike a metal target. Continuous radiation is formed by deceleration these electrons in
the vicinity of atoms of the target (repulsion by electron shells). The short-wavelength
limit is a reciprocal function of the voltage and is independent of the type of the target
material. Characteristic radiation is formed after impact of an accelerated electron on
the target atom. The accelerated electron releases an inner shell electron and the
vacancy is filled up by an electron dropping from a higher shell. This drop is coupled
with simultaneous emission of access energy in the form of radiation (Fig. 3.8, notation
of spectral lines included).®® Characteristic radiation is dependent on the electron shell
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arrangement and thus on the type of atom. To produce the characteristic radiation, the
impact electron must have a sufficient energy (voltages of the order of kV). About 98%
of the whole energy is changed to heat and only a small part appears as X-ray photons,
hence the X-ray tube system must be cooled. The use of a monochromatic beam
simplifies the analysis of crystalline materials. Single-crystal monochromators or
B-filters are used (the filter material is one or two atomic numbers lower element than
the target material and filters KB characteristic radiation). The Ka; and Ka, are not
separable and the resultant radiation is a 1:1 mixture of these lines. It is called Ka and
used for calculations.

Line notation:
Siegbahn IUPAC

Ka, K-L,
Ka, K-L,
KBI K‘MJ
KB, K-M, Mggsa;
La, L.-M, P
Le, LM, (3pl)

nucleus K(1s) L,(2s) (33)

Fig. 3.8 - The characteristic radiation evolution and line notation

The radiation is collimated by Soller, divergence, receiving and anti-scatter slits. The
signal is than detected using film, proportional, Geiger or scintillation counters and
solid-state semiconductor detectors.

Specimen preparation

The specimens are prepared with respect to the aim of study. Random oriented
specimens are used for mineralogical and semi-quantitative characterization. Their
investigation also enables the observing of 060 diffraction describing the octahedral
sheet constitution. There are several techniques for the preparation of random oriented
specimens:

— Front loading: The material is loaded to the sample holder directly. The sample
cavity is filled to the height of the sample holder. An access of the sample must
be removed. The sample surface can further be roughened with coarse paper.

— Back loading: The material is loaded to the ring of the sample holder to the
height of the ring. The powder is lightly pressed and the sample access is
removed. The bottom platform is clipped to the ring and the specimen is turned
up.

— Side loading: The procedure requires sample holder with a channel in the side
wall, glass slide (frosted glass or glass rough on a microscopic scale) and
binding clips. The glass is assembled to the sample holder using clips and the
sample is loaded through the channel. The sample is lightly tapped and the glass
is removed.
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— RTS technique (Razor Tapped Surface Technique): The sample is loaded to an
Al rectangular plate with 50.2x32.2x1.6 mm dimensions and 20.0x18.0x1.6 mm
window. The powder mound is chopped in random directions using a razor
blade. The access of sample is removed by chopping from centre to side and by
blowing across the specimen.®

— Freeze-drying: This technique requires special instrumentation. A suspension of
the sample is dried in a freeze-dryer and further compacted.

The effectiveness of the random specimen preparation is shown in Fig. 3.9.

1200 Comparision of random sample preparation
—m;de kaolinite 001 diffraction

1050 o — front fil

888558884

angle ("20)

Fig. 3.9 - Comparison of random specimen preparation techniques. Ochre
sample, CuKa radiation

Oriented specimens highlight the basal diffractions and make the observation of
interlayer space behaviour easier. Specimens are commonly further treated during the
tests.

The techniques for preparation of oriented specimens:

— Glass slides: The sample suspension is prepared from approximately 1 g of the
sample and 10 mL of distilled water, the ratio of solid to liquid parts is
dependent on the ability to form the suspension. The suspension is then
transferred onto a glass slide using a pipette or Pasteur pipette. The glass slide is
covered and the sample is allowed to dry at ambient temperature. The
preparation procedure is also shown in Fig 3.10.

— Smear slides: The sample suspension is centrifuged to obtain a paste (or the
powdered sample is mixed with 2 or 3 drops of adispersing solution) which is
than smeared across a labelled slide. This technique leads to a good orientation
of the particles and a very good sample thickness.
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— Porous ceramics specimens: They require special instrumentation and specimen
support. The construction of the device used for the sample preparation in this
work is shown in Fig. 3.11. The process of sample preparation is evident from
Fig. 3.12, attainng a good particle orientation by filtration under a decreased
pressure. The specimen is washed with water and placed into a dessicator filled
with a solution of ammonium nitrate to dry slowly under controlled humidity.

Note: the height of the ceramic plate support may vary and the XRD pattern may suffer
form sample displacement which can be corrected to the position of plate diffraction
(see Table 3.6).

Glass or silicon slide Suspension of material Oriented specimen

Fig. 3.10 - Preparation of oriented specimen from suspension

Sample space,
space for ceramic
support and
o-rings
Suspension reservoir ——p

Metal tubing —p
Vacuum control —»
Vacuum pump

. ——

Glzss tubing

Retention reservoir for filtrat
Waste

4——'=\

Fig. 3.11 - A device for preparation of oriented samples using a ceramic
support and a low pressure (designed and manufactured by the Faculty
of Mining, Geology and Petroleum Engineering, University of Zagreb)
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Porous ceramic Atmospheric
plate + O-rings pressure

©
)
)

) )
l

— @

Oriented specimen

Low
pressure

Sample Vacuum

Fig. 3.12 - The procedure for the preparation of oriented samples using a
ceramic support

Table 3.6 - An overview of the strongest diffractions on a
ceramic plate support

Diffraction position (°20) Intensity
25.60 1500
35.16 ' 2500
37.77 1000
43.37 3000
52.54 1500
57.52 3000
66.54 1500
68.20 2000

Tests perfomed on oriented specimens

— Ethylene-Glycol (EG) expandability test: The specimen is exposed to
ethylene-glycol vapours generated at 60 °C for 8 hours. The saturation
influences the position of 001 diffractions and reveals the presence of expandable
interlayer spaces characteristic for smectites (001 basal diffraction shifts from
15A to 17 A concerning Ca-form) or mixed-layered structures containing
smectitic layers (the shift is dependent on the proportion of expandable layers
and the degree of ordering).

Green-Kelly test: It is based on the Hofmann-Klemen effect when heating of a
lithium saturated sample to 300°C (for 24 hours) causes migration of Li" to the
site of charge imbalance. The proper position of Li* in the structure is still
discussed and recent results point to the space around apical oxygens.”
Nevertheless, montmorillonite is the only expandable clay mineral remaining
collapsed after the heating treatment and saturation with EG leads to no
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re-expansion. Therefore, the Green-Kelly test is used to distinguish
montmorillonite from other smectites.

Dimethylsulfoxide (DMSO) saturation: It is performed using porous-ceramics
oriented specimen. The sample is placed onto a Petri dish embedded with filter
paper soaked in DMSO. The dish is covered, exposed to a temperature of 70 °C
for 24 hours and then stored at ambient temperature for further 24 hours.”' The
temperature of DMSO vapour generation is 100 °C.%

Heating procedures: The samples are heated to 300 or 550 °C for 2 hours. A
slow cooling rate is essential for glass slide oriented specimens. Heating
produces a collapse of expandable layers. On the other hand, it also points to
layers which are incapable of collapsing (e.g. chlorites), removes diffraction of
minerals which are only stable at low temperatures and become amorphous
during heating (kaolinite).

The XRD analysis is an essential method for investigation of clay minerals and it now
represents the routine method for sample characterization.

3.8.3.1. Quantitative analysis

Variety of samples requires the use of various methods for quantitative analysis. The
data collection is a crucial step in quantitative analysis. The diffractometer has to be
well-aligned, calibrated and must not exhibit zero-point error (shifts d-values). There
are also demands on the sample preparation:

1.

et

The sample must be longer than the spread of the incident beam at the lowest
diffraction angles (see Fig. 3.13, the sample length and the angular divergence of
the beam have to be controlled).

The sample must appear infinitely thick at the highest diffraction angles.

The sample must be mounted so that the incident and diffracted beams
impact/reflect under the same angle (for all the diffraction angles used).

There must be no particle-size gradient throughout the sample (the particles of
various minerals should be of the same dimensions avoiding mineral separation
and diminishing preferred orientation).

The diffraction intensity is proportional to the volume of the sample irradiated. It is
recommended to avoid the use of low-angle reflections (<10 °26).

Irradiated area

Fig. 3.13 - The spread of the incident beam in relation to the diffraction angle
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Rietveld method:

This method was originally developed for refinement of crystal structures using neutron
powder diffraction. Nowadays, it is commonly applied to X-ray diffraction data (also to
clay minerals). Several Rietveld codes have been reported.”” This method does not
require measurement of calibration data or the use of an internal standard. Rietveld
method provides additional information on the precise cell parameters. Application of
the Rietveld method to clay minerals is limited because of their disordered nature.

The XRD data have to:

— Exhibit only Bragg diffractions (the preferred orientation has to be avoided).

— The structure factor must not vary across a reflection. Substitutional disorder is
very common, the diffraction pattern is not significantly affected (structure
factor F is unaffected by Al/Si substitution whereas Al-Mg/Fe substitution
affects F' through a change in number of electrons present on the scattering
atom). Substitutional disorder brings micro-strain and reflections are broadened.
Decreasing particle size also broadens all the reflections with non-zero / Miller
index.

— The sample must not possess any layer-stacking disorder, or turbostratic
stacking (Fig.3.14). Moreover, the preferred orientation causes the intensities
measured to decrease nonlinearly with increasing diffraction angle.

— The amorphous phase, if present, cannot be modelled (some programs include it
in the background).

T
. -
[ ,
H

kg p

. o, o,
>, «.,Ela ‘-.\

hkO reflection

Fig. 3.14 - Effect of turbostratic disorder on the reflection
on hk0 plane

Note: Turbostratic stacking, or the absence of any significant long-range order in the Z
direction, occurs essentially in all smectites, most vermiculites and many other layer
silicates resulting in the loss of most diffraction information. The diffraction patterns
mainly contain broadened 00! reflections and two-dimensional diffraction bands. The
Rietveld method cannot model broad, asymmetric bands correctly and completely.

The data are digitally refined. The use of all the lines minimizes the uncertainty in the

derived weight fractions. Point-by-point fitting refines the R parameter (the sum of the
weighted, squared differences between observed and calculated intensities):
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R= Zw,.ly, (o)-—yi (cl2 3.7

yi(o) — observed intensity at the i point
yi(c) — calculated intensity at the i point
w; — weight assigned to the intensity

The calculation is performed using starting models of the mineral structures present in
the sample (construction of the motive — atoms, their positions, and the space group
which generates whole structure). The starting models have to be reasonably accurate.
Large numbers of refined structures have been published and are accessible (e.g.,
on-line at American mineralogist crystal structure database:
http://rruff.geo.arizona.edu/AMS/amcsd.php, or WWW-MINCRYST, Crystallographic
and Crystallochemical Database for Mineral and their Structural Analogues:
http://database.iem.ac.ru/mincryst/index.php).

Model structures are fitted to yield optimum agreement between observed and
calculated data (moreover the real structures of phases are obtained). The calculated
intensity at each point is determined by summing up the contributions from the
background and all the neighbouring Bragg reflections:

yi(c)=S;(pkLk|Fk|G(A9ik)Pk )+yib(c) (3.8)
yi(c) — calculated intensity at the i point F — structure factor for an individual
S — phase-specific scale factor reflection of a particular phase
pr— multiplicity factor G(40y) - reflection profile function,
L - Lorentz and polarization factor for 6 — Bragg angle for the k-th reflection
the k™ reflection Py — preferred orientation function,

yis(c) - refined background

Preferred orientation is treated by correcting G:

G = expl-G,a?) (3.9)
a — the acute angle between the normal to crystallites
and the scattering vector
G — refinable parameter (measure of half width of the
Gaussian distribution of the normals about the
preferred orientation direction)

The G correction modified by Toraya and Marumo:

G =G, +(1- G, )exp(- G,a?) (3.10)
a — the acute angle between the normal to crystallites
and the scattering vector
G, - refinable parameter (measure of half width of the
Gaussian distribution of the normals about the
preferred orientation direction)
G, — (refinable) fraction of oriented crystallites
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Preferred orientation correction using the March function:

G=(r2coszaz+r"l sin? a)_m (3.11)
a — the acute angle between the normal to crystallites
and the scattering vector
r — adjustable coefficient related to the degree of
preferred orientation

Eqgs. 3.9 and 3.10 are only successfully used in the case of weak preferred orientation.
The March function works for all preferred orientations of plate-like materials and for
rod-like materials with low degrees of preferred orientation. It has a valid theoretical
basis related to the mechanism producing preferred orientations and it has a single
variable parameter.**

The quantitative analysis is based on the fact, that the refined scale factor for each
crystalline phase is related to the amount of the material present in the mixture. The
integrated intensity of the beam diffracted by a randomly oriented infinitely thick
polycrystalline sample in a flat-plate geometry utilizing a diffracted-beam
monochromator is defined for a particular reflection by equation:

3 2 2
I,= I, Aﬂ. ( I X : [I | 1+ co.s 226?cos 206, ]e'z"' (3.12)
327zr 2u \V sin® @cosé .
ns — related to the Bragg reflection Akl e — charge on electron (C)
I - integrated intensity per umt length of m — mass of electron (kg)
diffraction line (joules sec™’ m™) ¥ — volume of unit cell (m®)
Iy — intensity of incident beam (joules F - structure factor
sec’ m?) p — multiplicity factor
A — cross-sectional area of incident 0 — Bragg angle
beam (m?) €™ — temperature factor
A — wavelength of incident beam (m) — linear absorption coefficient (m™)
r — radius of diffractometer circle (m) 20,,, — refers to the diffraction angle of
o —4m x107 m kg C?, magnetic diffracted-beam monochromator crystal
constant (equal to the vacuum
permeability)

Eq. 3.12 can be divided into two parts:
3 ¢!
LAY P ) (e (3.13)
322 \Nax)\m
1 2 (1+cos?28cos*26, \ _,
R, =|— [||F] Z e~ " 3.14
w (Vz )[l | p( sin? @cos J " (3-19)

The K value holds for a constant intensity of the incident beam and constant
cross-sectional area, under constant measuring conditions. The Rpy value varies.
Eq. 3.12 can be re-written in the form:
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o = K(L)RW
2u

In a mixture of phases, the intensity of hkl reflection from a phase is given by:

Iahkl=CaK( 1 ]Raml
» 2#’" >

Cq — volume fraction of the a phase
Um — linear absorption coefficient of the mixture (m™)

This formula can be re-written for weight fraction expression (W,):

W, P
I ahd = (_‘]K ( )Ra,hkl
Pa) \20n

Pa — is the density of phase a
Pm — is the density of the mixture

The scale factor featuring in Eq. 3.8 can be written, using Eq. 3.13 in the form:

__K
= P
¥ — volume of unit cell (m®)
4 — linear absorption coefficient (m™)

for one phase in the mixture:

5, -Gk
Ve b

Cs — volume fraction of the a phase
V, — unit cell volume of a phase (m?)

m — linear absorption coefficient of the mixture (m™)

with the weight fraction expression:
WK
S, = 5
PV 1*
u* — mass absorption coefficient of the Wq— weight fraction of a phase
sample (absorption per gram per square Pa — the density of phase a

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

centimetre of sample) ¥, — unit cell volume of a phase (m®)

The K value and the sample mass absorption coefficient are difficult to determine.
Therefore, the analysis of an unknown sample is performed using constrain of the unit

sum of the weight fractions:
Wo+Ws+W, +Ws+..=1

For the weight fraction of the i component:

_ Siiniz
' ZSjijjz
J
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Another approach to the Rietweld analysis is the addition of a known weight fraction of
a crystalline internal standard to the unknown sample. Now the W, is known and K/u*
can be determined:

K _S.p.V,
u* W,

a

C= (3.23)

This parameter can then be used to determine the weight fractions of other phases:

2
W, = S’% (3.24)

i

W; — weight fraction of i phase

S; — refinable scale factor of i phase

pi — the density of phase i calculated from the composition and cell
parameters of i phase

C - determined using internal standard

This method is not constrained by assumption of the unit sum of the weight fractions.
The total weight fraction of any amorphous components (or component not included in
the calculation) can thus be determined if the amorphous phase can be fitted with the
Rietveld background polynomial and its content is significant (5-10%). Its content is the
difference of the sum of all the weight fractions calculated and 1.0.%>%

Matrix-flushing method:

The matrix-flushing method has been developed by F.H. Chung in 1974 deriving a
simple relationship between the intensity of the diffracted beam and the content of the
diffracting compound in a mixture.”” The quantification is based on the use of a flushing
agent. The standards for measurement of reference intensities are needed (they have to
posses the same crystal perfection as the investigated compounds in the mixture). The
equation is derived below.

The diffracted beam intensity is given by

1=k, il _ g Xlo (3.25)
Z X, K,
I; — intensity of diffracted beam by a pi— density of component i
selected hkl plane of component i ui— mass absorption coefficient of pure
K; — constant related to geometry of component i
difffractometer and the nature of i U — mass absorption coefficient of the
component mixture

Xi — weight fraction of component i

The ratio of intensity of compound in the mixture and pure compound is:

]—; =x L (3.26)
1 H,
I? - intensity of the strongest line of diffracted beam by a selected skl

plane of pure compound / (constant from the same diffractometer)
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The equation must be pruned of the mass absorption coefficients. This is performed

using a so-called flushing agent for which:

1
_g.. =X, ol
I, Hy
Then it holds that
1; Hy

Loox A
L B N ) \ X R4y

n "y

(3.27)

(3.28)

When standardizing all the components to corundum through the reference intensities

derived form the one-to-one weight ratio mixture:
I i I (.(') — 1 :u i
LAY K

and substituting an intensity ratio of 1:1 mixture by the constant:

Ly
1

c

then Eq. 3.29 for the compound and flushing agent becomes:
L _(1Ya
ok Au
L (L}(”_f)
I ; k f /‘c

and its quotient becomes:

and:

The Eq. 3.28 then becomes:
(LYk Y ) (XY &
\7:) \Ti/ \/‘—fJ_ \ZIZJ
(I,Vk Y (x)

\—I;)\ k; ) _—(
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(3.30)

(3.31a)

(3.31b)

(3.32)

(3.33a)

(3.33b)



Yk
[LI—f) X, =X, (3.33¢)

The last drived equation is a simple relationship between the intensity and the
concentration. Any pure compound which is not a component of the sample can be used
as the flushing agent. When corundum is chosen as the flushing agent, ky = k. = 1,
Eq. 3.33c becomes:
X (1’-) =X, (3.34)
k, \ I,

!

Intensity ratios from the same scan are used for multi-component analysis and the
amorphous content can be determined calculating the difference between the component
content and unity. For binary mixtures and auto-flushing effect is present (one
compound is the flushing agent for the second one). The auto-flushing theory has been
extended to multi-component mixtures by adiabatic principle of auto-flushing. The
extension omits the possibility of amorphous phase and unidentified phase presence.’®

The reference intensities have to be:
1. recorded using the same diffractometer under the same instrumental conditions.
2. the material used to determine the reference intensity must have the same level
of perfection of the crystal structure
3. the optimum particle size and sample homogeneity have to be ensured
4. preferred orientation has to be avoided
Note: when the strongest diffraction is unresolved the second strongest diffraction can
be recalculated and used as reference intensity etc.

Quantification using the peak intensity ratio:

The main difficulties in quantitative mineral analysis are related to variable chemical
composition and variable structures (including swelling layers, interstratifications or
disorder). Selection of analytical reflection measured on a random sample offers a
chance to avoid sensitivity to the chemical and structural variations. The grinding and
homogenization procedures have to be controlled. The method is derived from internal
standard technique to eliminate the sample mass absorption coefficient.

The weight fraction of mineral x in the mixture is:

Lp,*
X, K. (3.35)
X, — weight fraction of mineral x
I, — intensity of chosen diffraction of mineral x
Um™ - mass absorption coefficient of the mixture
K, — constant for a chosen reflection of mineral x and given
experimental settings
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If the mixture contains an internal standard s than ratio of their weight fractions is:
X, K1 (3.36)
XS KX : IS
X, — weight fraction of standard s

I, — intensity of chosen diffraction of standard s
K, — constant for a chosen reflection of standard s and given

experimental settings

If the standard and the mineral are mixed in a binary mixture of known composition, the
intensities of the selected pair of reflections can be measured and mineral intensity

factor (MIF) can be calculated:

mip =K LK (3.37)
I .-X

s s X

The MIF value is constant for the chosen mineral and standard at given experimental
conditions (because the intensity is interrelated to the content). The value is independent
of the mineral or standard amount (when sample is finely ground and microabsorption is
eliminated). In general:

miF =L X (3.38)
IS 'Xx

A (3.39)
I -MIF

The MIF values are determined from mixtures of known minerals and standard
compositions. An unknown mixture is investigated by adding a known amount of a
standard. The weight percentages of the standard and the mineral x are:

X, =—2:_.100="%.100 (3.40)
m+m, M

X, =—25.100="=.100 (3.41)
m+m, M

m;, — weight of added standard s

m, — weight of mineral x in the mixture

m — weight of original mixture

M — weight of mixture after addition of standard

and the weight percentage of mineral x is calculated from Egs. 3.39 and 3.40:
X = I.-m, -100 I.-m, 100

= 3.42
I,-(m+m,)-MIF I, -M-MIF (3.42)

If a narrow angle range is investigated, the influence of the preferred orientation is
neglected and the standard deviation of the tilt angle of the crystallites about the mean
crystallite orientation is assumed to be the same for all the minerals. Line overlap may
reduce the number of measurable lines. The analysis is accompanied by MIF
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determinations using standards of minerals present in the mixture and the internal
standard. The following sample preparation is recommended:
— use of a lowered laboratory splitter
— grinding by McCrone Miconizing mill (5 min grinding of 3g sample in 4 ml of
methanol)
— 10 wt.% zincite internal standard for mixture quantification and 20 wt.% for
MIF determination, addition prior to grinding (ZnO)
— side loading, packing by vortex or vigorous tapping
— the integrated intensity measurement using EVA software

A linear relationship X,/I; is possible only if there is a completely random orientation.
Among the mineral diffractions, the 0k0 diffractions seem to be the best analytical
diffractions of the mineral because of its low sensitivity to polytypism and defects (for
060 diffractions the 59 — 64 °20, 5s per 0.01 °20 regime is recommended). The presence
of amorphous phase can be determined from the difference of the sum of weight
fractions of minerals from unity.*

XRD-pattern stripping:

The method was introduced by Batchelder and Cressey in 1998. The XRD-patterns are
obtained using curved Position Sensitive Detector (PSD, consisting of 4096 channels in
120 °20, which is a channel per 0.03 °20). The measurements are performed in
reflection, fixed beam-sample-detector geometry (5° angle with incident beam), and the
diffracted intensities are collected at all angles simultaneously around the 120° arc. The
irradiated area is constant for each experiment. The data acquisition time is 10 min per
sample. The mixture and separate clay minerals standards have to be measured. The
preferred orientation has to be avoided.

The quantification itself is performed by sequential stripping of mineral standards
XRD-patterns using ENRAF-GUFI software until the residual pattern indicates no
phases remained. The single standard pattern is superimposed upon the multiphase
pattern, proportionally reduced to meet the best match of counts and subtracted. The
optimal-fit scaling fraction represents the clay mineral volume proportion in the sample
(if one unknown mineral is present, its content can be determined after subtraction of all
the remaining minerals, determining their contents, and calculating the sum of
proportions to unity). The order of minerals stripping is indifferent. The accuracy of
determination is related to match with the standard pattern. Mixtures of non-clay
minerals have to be further manipulated applying absorption correction factors.'®

Summary:

All the methods presented, the quantification of clay minerals require standards of clay
minerals (whether the crystal structures concerning Rietveld method or real clay
minerals for deriving reference intensities or MIF values or gaining XRD patterns for
the subtraction). Finding a standard matching the clay mineral present in a natural
mixture is always the crucial step which limits the reliability of quantification.
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3.8.4. FTIR spectroscopy

Infrared spectroscopy is a rapid and non-destructive method. The incident radiation is
distinguished into:

~ near-infrared region (NIR, ¥ = 12000 — 4000 cm™)

— mid-infrared region (MIR, V' = 4000 — 400 cm™")

— far-infrared region (FIR, ¥ =400 — 50 cm™)

Note: the basic relations in spectroscopy are:

c=A-v (3.43)

~ 1

gl 3.44

1 (3.44)

E:h.y:%:h-c-v (3.45)
c— velocitylgf lightl V' _ wavenumber (commonly cm™)
(2997910 cm's-) h~Planck’s constant (6.6262x10° J s)
A — wavelength (commonly in nm) E — energy

v — frequency (s™)

Absorption of the radiation causes transitions between rotational and vibrational levels
of molecules (excitation to higher energy levels). The classification of the vibrational
quantum states exploits the symmetry of vibrating groups. The vibrations are further
classified as stretching (symbol v, a higher energy needed), bending (symbol 8, a lower
energy needed) and out-of-plane (symbol y). Stretching vibrations are characterized by
changing bond lengths, bending vibrations cause changes in bond angles while bond
lengths are preserved. The out-of-plane vibration is caused by oscillation of the atom
above the plane defined by at least three neighbouring atoms. The stretching vibrations
are further classified in terms of the symmetry of movement. The bending vibrations are
further distinguished as scissoring, rocking, wagging or twisting. These are fundamental
vibrations. Features of much lower intensity present in the sample spectrum are
combination bands and overtones. Combination bands are obtained by adding or
subtracting frequencies of one or more fundamental vibrations. Overtones are multiples
(2 or 3 times) of fundamental vibrations. Note: not all of the vibration modes can be
active in the IR. The selection rules define the modes present in the spectra. Only the
transitions involving a change in the dipole moment of the vibrating atomic group or
molecule is active in IR spectra.

To cause transition between discrete energy levels, only the radiation of proper energy
can be absorbed. The relation between the energy absorbed and the frequency of light
needed to satisfy the transition is expressed by Bohr’s law:
E—-E=AE=h-v (3.46)

E’’ — energy of higher excited state

E’ — energy of ground state or lower excited state

AE — energy difference of the transition

h — Planck’s constant (6.6262x10°* J s)

v — frequency of light absorbed
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The de-excitation follows the same law and the frequency of the emitted light can be
calculated.

The polychromatic infrared light is generated in globar (silicon carbide rod, electrically
heated to 1000 — 1650 °C) or other IR source (halogen lamp etc.). In the emission
technique the sample itself is the source of IR radiation. The energy of light is
modulated by a grid monochromator, nowadays by an interferometer (FTIR — Fourier
transformed infrared spectrometer). Beam is passed though the sample and
transmitted/reflected beam reaches detector and is analyzed. The decrease in the
incident beam intensity after interaction with the sample is characterized by the
transmittance or absorbance'®:

T= (L] (3.47)
I 0
1
A= —log(l—) =—logT (3.48)
0
T - transmittance I - intensity of beam after absorption
Ip— intensity of incident beam interaction

A — absorbance
The absorption of radiation by the sample is related to the quantity of the absorbing
species by the Lambert-Beer law:
A=¢-c-l (3.49)
& — molar absorption coefficient (dm*mol-cm™)
¢ — concentration of thespecies (mol-dm™)
1 - length of absorbing environment, sample thickness (cm)

The Fourier-transform instrumentation provided infrared spectroscopy with improved
frequency accuracy, signal-to-noise ratio and high data acquisition speed. The range of
the techniques in the IR region has been extended involving'®:

— Transmission methods (KBr-pellet and self-supporting film samples)

— Diffuse reflectance (DRIFT, it requires small or no sample preparation, matt
surface and it is suitable for organic composites analysis)

— Attenuated total reflectance (ATR, suitable for pastes ensuring maximum
contact with the ATR crystal)

— Specular reflectance (applied to polished samples)

—~ Emission spectroscopy (radiation is emitted by the sample heated on a platinum
stage. It is the most sensitive method among IR techniques, and it enables, e.g.:
observation of clay mineral dehydration in-situ)

— Infrared microscopy (mapping surfaces of flat samples)

— Remote fibre optic spectrometry

The choice of method is related to the physical form of the sample and information
needed. The most common is the transmission technique with KBr pressed discs
(200 mg of KBr and 2-3 mg of sample in OH- stretching region, 0.6 mg in OH- bending
region). Digital data can further be handled, employing standards or baseline
subtraction, maximum assignment, deconvolution (fitting with different distribution
functions), Kramers-Krénig transformation (relation of real and imaginary parts of
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response function), application of Kubelka-Munk equation (recalculation of reflection
spectra to absorption spectra) or principal component analysis (for statistical evaluation
of data).

3.8.4.1. Infrared spectroscopy of clay minerals

Infrared spectroscopy reveals short-distance arrangement of structure. Distinguishing
between physical mixture of clay minerals and mixed-layered minerals is not possible
and investigation of mixtures is complicated. Identification of mineral/s is performed
using the Atlas of Infrared Spectra or by search for and assignment of characteristic
vibrations (functional atomic groups are treated as independent oscillators and the
vibration energy is calculated).

Infrared spectra of clay minerals are divided into:
— 1300 — 400 cm™ region with OH bending and Si-O stretching vibrations
— 3750-3500 cm™ region with OH stretching vibrations
— 4400- 7100 cm™ region with overtones and combination vibrations

The spectra also contain water-molecule vibrations. Water is present in two different
states: as solvation shells of cations and external water. A broad asymmetric stretching
vibration is present at 3620-3640 cm’, the symmetric stretching v1brat10n occurs at
3560-3580 cm™ and the bending mode is present at 1630 cm™. The posmon is
influenced by the character of the interlayer cation and the charge location in the
mineral structure. The position of the H-O-H (3400 cm’ ) v1brat10n decreases in
dependence on the interlayer cation, in the order: K*, Na* Ca**, Mg?*. The interlayer
cation also modifies the intensity of vibration. The strength of H-bonding to clay
mineral surface is stronger with closer location of non-equivalent substitution
(tetrahedral substitution creates stronger H-bonding than octahedral substitution). Water
molecules on the smectite surface have a preferred orientation.'”® Water vibrations can
be eliminated by heating to150 °C overnight.

Characteristic bands of clay minerals are rare. Kaolmlte is characterized by in-phase
symmetric OH stretching vibration at 3695cm™. Nontronite is dlstlngulshable from
other smectltes by the presence of Fe-Fe-OH bending vibration at 817 cm™ together
with 676 cm™ Fe-O out of plane. An overview of vibrations of clay minerals is given in
Table 3.7. The OH stretching region shows vibrations related to the chemical
composition of octahedral sites (the chemistry of octahedral sheet of mineral can be
investigated under the conditions of single phase sample&. The IR spectra slightly
change with changing interlayer cation and water content.” Clay mineral spectra can
be complicated by vibrations of admixtures (e.g, Si-O stretching vibration of amorphous
silica at 1083 cm™)

Application of FTIR to clay investigation

FTIR is a useful tool for investigation of the chemistry of layers. It enables observation
of structure changes, e.g.:
— acid activation, proton attack of OH- groups which causes dehydration and
dissolution of the octahedral sheet, three-dimensional Protonated amorphous
silica is formed (influence on OH- and Si-O vibrations).'
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— fixing of small cations and their position within the structure (observation of
new band formation, perturbation of Si-O and OH- vibrations).'*'%’

— observation of dehydration processes of interlayer cations (H-O-H vibration,
OH- vibration of clay mineral).'?'%®

The investigation recently shifted to the NIR region where small structural changes are
observable by monitoring overtones.''°

3.8.5. CEC determination

The cation-exchange capacity is a very important property of clay minerals. It plays the
main role in their interactions with the environment. The magnitude of CEC depends on
non-equivalent substitutions and structural defects, the ambient conditions, such as the
temperature, pH and interacting cationic species, are also significant. Not all the
interlayer cations can be exchanged (e.g., when electrostatic interaction is too intense,
the cation cannot be extracted, like potassium in mica). Tightly bound interlayer cations
can be extracted using special treatment.!!! All the methods for CEC determination are
based on exchange of natural cations with index cations (see the flowchart in Fig. 3.15).
The influence of hysteresis on the exchange reaction was discussed in Chapter 3.3.4.
Therefore, the index cation has to be:

1. properly exchanged

2. or have a higher affinity to the clay mineral

The first approach usually involves more than one saturation step and it is time
consuming. The second approach has given rise to a plenty of new, fast, one-step
methods which, in fact, have not been explored in detail.

Original sample

W@%@?L Release of] natural cation

Index cation
saturated sample

Release of | index cation

2"index cation
saturated sample

Fig. 3.15 - Flowchart of CEC determination procedure. Gray boxes
mark the position of measurement and analytical evaluation of CEC
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The choice of the index cation is not restricted to inorganic ions. The binding
coefficients of organic dyes (methylene blue, crystal violet, acriflavin) to
montmorillonite are actually six orders of magnitude higher than those of inorganic
cations (Na*, Cd**, Cs"). The adsorption depends on the type of dye, its amount added
and the solution ionic strength.'”? Organic cations are, in addition, bound through
non-coulombic interactions. The sorption of dyes exceeds CEC due to aggregation
effects.!”” The adsorption of a particular inorganic cation is dependent on its
concentration and on the ligand l)resent in the coordination sphere. The strength of
coordination is important (e.g.: Ca** has a greater binding affinity than Mg** , due to the
weaker H,O coordination sphere and the formation of bridges between adjacent layers).
Divalent cations can be sorbed as monovalent species (M?"X’)* which enhances CEC by
up t0 20 - 30%'114,115,116

The CEC is also influenced by soluble admixtures, such as carbonates. The reliability of
the results can be evaluated using Carbonate- and Sulphate Field Model (CSF model)
where CEC is determined using two solid/liquid ratios of clay and index cation solution.
If both the results are the same within the experimental error, the CEC value is
correct.'"’

3.8.5.1. Methods for CEC determination

NH," index cation:

The ammonium cation is the traditional index cation. The ammonium acetate method
was introduced by Mackenzie in 1951 and it is recognized as the standard procedure.''®
The method has been several times unsuccessfully modified to fit calcareous samples.
Its application in this case is restricted by dissolution of calcium carbonates and
competition of Ca®* for the exchange sites.'"” Identical CEC results are obtained when
replacing ammonium acetate by ammonium chloride.'?® The CEC can be determined in
many ways:
— as the sum of exchangeable bases released on percolation with ammonium
acetate
— from percolation of ammonium sample with sodium acetate and determination
of the adsorbed Na*

~ from distillation of ammonium sample and determination of ammonia evolved'*!

A wide variety of analytical methods can be used:
— Titration:
*  Residual ammonia (after homoionic form preparation) can be determined
by alkalimetric titration with a 0.2 M solution of hydrochloric acid
(HCl).lzz
Ammonia is released from homoionic sample by alkali hydroxide and
trapped in a boric acid solution. The trapping agent is titrated with 0.01
M sulfuric acid (H,SO,) to the pH corresponding to boric acid solution.
AAS revealed problems with calcareous samples where an addition of
ammonium acetate caused dissolution of CaCO;.'?
— Ion-selective electrode potentiometry: Fresh calibration solutions have to be
prepared prior to each new set of experiments. Other dissolved species do not
interfere (except for volatile amines). Ammonia is released from dispersed
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samples by 10 M sodium hydroxide (NaOH) and measured with an NH*"ion-
selective electrode.'**'?

— Spectrometry: the NH** content is determined from the colouration of the
complex with a phenol.'?

H* index cation:

The homoionic form can be prepared using a strong acid resin, e.g.: sulfonic type, in H"
cycle. The soil reacts with the exchanger and its cations are replaced by protons. The
CEC can be evaluated by potentiometric titration with barium hydroxide in the presence
of barium chloride.'”” Note: other alkali hydroxides can also be used for titration of
H"."® The CEC of a matrix in the H" cycle can also be determined by constant current
coulometry (H' is exchan §ed by K* and the protons released are titrated with
electrogenerated OH’ ions).'

Ba?* index cation:

Barium was proposed as the index cation by Mehlich in 1948. Saturation with barium is
performed with a barium chloride solution in three steps. Barium is consecutively
released by magnesium chloride or magnesium sulphate (second index cation). Barium
samples can also be investigated using conductometric titration (using sulphates) or ISE
potentiometric titration. The potentiometric results tend to be higher than those of
conductometric titrations. Among the ISE measurements, the CEC de?ends on the
second index cation used (the best results have been obtained with Mg?")

Ag’ index cation:

Ammonium acetate and barium chloride methods are suspected to overestimate the
value of effective cation exchange capacity (ECEC, measured in unbuffered solutions),
because they involve high pH values and high electrolyte concentrations. The
Ag-thiourea complex, introduced by Chhabra et al. in 1975, effectively displaces natural
cations at a relatively low ionic strength. The ECEC is determined after a single
extraction from Ag" consumption by atomic absorption spectroscopy. The complex has
a much larger adsorption affinity to soils and clays than commonly occurring cations.
The results have been found to be in a good agreement with the NHAc method.'*"'%
The latest modification of the method employs a new stock solution preparation in order
to obtain a more stable agent and two washing steps with deionized water to reduce
overestimation due to weak physical bondmg of access Ag-thiourea complex.'*® The
pre-treatment of the stock solution by Ca?* saturation (equilibration with calcite grains)
leads to reliable information on CEC and the composition of natural exchangeable
cations avoiding additional carbonates dissolution.'**

Sr** index cation:

The sorption of radioactive elements can also be used for CEC determination. Francis
proposed the sorption of Sr*>."** The method has later been modified for sandy
samples."* Strontium is also an effective ion displacer because of its high selectivity for
clay surfaces. The CEC can also be determined from the Sr** exchange observed by
atomic absorption.'*’

43



Ni?* index cation:

The nickel index cation is sorbed by clays in the form of its violet complex with
ethylenediamine. The CEC is calculated from the content of the cations present in the
supernatant after the exchange (determination by AAS/AES). This is a one-step
procedure and the pH is controlled to prevent calcareous admixtures dissolution.'*®

Co?' index cation:

The octahedrally coordinated complex with hexamine trichloride is formed. One-step
saturation is sufficient to replace natural interlayer cations. The cobalt consumption is
determined by AAS or absorption spectrometry (colliding with dissolved organic
matter). Filtration causes retention of the complex on filter paper. The complex solution
causes dissolution of carbonates (positively related to addition)."**'** The results of the
spectrometric method have been compared with those of the barium chloride and
ammonium acetate procedures and found to be equivalent to the barium chloride
method, but different from the ammonium acetate method.'*! CEC can also be
determined using Co-hexaaqua complex prepared by simple dilution of cobalt sulphate
(CoSO4x7H,0). The Co®* concentration in the filtrate is determined by UV/Vis
spectrometry. The results are in a good agreement with those of the ammonium acetate
method.'*

Methylene blue (MB):

Methylene blue is one of frequently used organic dyes. It replaces interlayer cations
irreversibly. Pre-treatment of clay with Na* leads to an increase in the CEC explained
by a better dispersion. The influence of the interlayer cation is significant.'** Increasing
ionic strength causes a drop in the MB sorption while the effect of the pH is
insignificant.'** Contradictory information has been published on the thermodynamic
nature of the exchange and on the relationship between adsorption and
temperature.'*'*® The size of clay particles also influences the extent of sorption. The
larger the particles are, the higher degree of aggregation is gained.'*’ The adsorption to
clay surface is instantaneous but nonuniform. Aggregates are formed causing an
increase in the CEC. In addition, the sorption is influenced by the experimental
conditions, such as the clay concentration, type of the clay and time of the suspension
equilibration."*”® Reproducible results are only obtained for optimum dispersion,
clay:water ratio and an appropriate initial methylene blue content. The MB spot-test can
be used as a quality control.'*® (MB filter paper spot-test: sample is dispersed and
0.01M methylene blue solution is added in 0.5 ml aliquots. After each addition and
0.5 min swirling, one drop of the suspension is placed on a filter paper. The titration
ends when faint blue ring or halo surrounds the dyed solids retained on paper)'*

Cationic surfactants:

Hexydecylpyridiniu chloride cationic surfactant or benzyltriethyl ammonium chloride
(BTEA) can be used for CEC determination. In the first case, the access of agent was
detected by surface tension measurements.'>’ In the second case, the residual surfactant
was detected by organic carbon analyzer. The application of organic molecules for
determination of CEC is wide; nevertheless, larger organic molecules overestimate CEC
by enhanced sorption.'*
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The exchange of native cations can be performed by multi-step saturation in a
mechanical extractor'> or the untreated sample can be leached in a column.'*
Moreover, inorganic and organic index cations can be determined simultaneously.
ICPES detects both these species without interferences.'>

3.8.5.2. Cu?-trien method

The cupric ion is sorbed on clay surfaces in two steps. In the first step, the Cu**
consumption is attributed to interlayer cation-Cu®* ion exchange. The second step is a
combination of ion exchange and adsorption by aluminol groups (silanol groups do not
adsorb Cu:'”).156 Therefore, cupric ion alone is not useful for CEC determination. Trien,
tetren and penten are selective Cu®* titrants and form complexes which are stable for
weeks. The selectivity of ligand to cupric ion can be enhanced by the presence of EDTA
as the masking agent for other ions. Spectrophotometric determination of the violet-blue
complex formed is substantially increased by halides, in the F<CI'<Br'<I'order."”’

Cu?*-dien (ethylenediaminel,2-diaminoethane, NH,CH,CH,NH,, EDA) method for
CEC was introduced by Bergaya and Vayer in 1997. It involves Cu**-ethylenediamine
(Cu(EDA),?") 1:2 complex which is stoichiometrically stable within a pH 6 — 8 range.
The complex has a square planar configuration with a 40 A? area and it is strongly
stabilized in clays. The method has been reported as fast and single step, with possible
AAS or UV-Vis spectroscopy detection. The copper complex is claimed to displace
even heavy metals and the reaction is irreversible. The CEC accuracy has been reported
as £5% of CEC>100 meq/100g and +10% for CEC around 20 meq/100g. The results
have been found to be in a good agreement with those of the Kjeldahl method
(ammonium acetate method). A 0.05 M stock solution of 1:2 complex is prepared from
1 M CuCl; and 1 M ethylenediamine. The exchange runs for 30 min (5 min was found
to be sufficient to reach complete displacement of original ions). No washing step of the
solid phase is required. Desired 50-100% access of Cu(EDA),** enables colorimetric
determination. Other proposed methods are iodometry and AAS.?

Meier and Kahr investigated other two complexes. The complex with
triethylenetetramine is discussed below. The exchange reaction was performed with
higher concentration (0.01 M) stock solution prepared from CuSO; and trien
(N,N’-bis(2-aminoethyl)-1,2-ethanediamine, NH,CH,CH,(NHCH,CH,),NH,, TETA).
The equilibration time was 3 minutes and absorbance of supernatant was measured for
residual complex. The absorbance maximum is present at 580 nm and linearity of
Lambert-Beer law was found in 10 — 10? M concentration range. Slight variation in
absorbance was found in relation to the pH and the maximum position did not vary in
the presence of other ions at low concentration. Buffered experiments were performed
and gave similar results. In comparison with the ammonium acetate CEC, the results
were slightly higher. The authors disputed reliability of atomic absorption spectroscopy
and its sufficiency for CEC determination.’
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A breakthrough work on testing the copper-polyamines CEC determination was
performed by Amman et al. in 2005. The Cu-dien and Cu-trien complexes were
investigated. The high affinity of cationic complexes to clay was explained by preferred
sorption of organic complexes on inorganic cations. Stock solutions were prepared from
CuSO; and a proper pol;aminc, resulting in a 0.01 M complex solution. The absorption
maximum of Cu(EDA),*" lies at 584 nm and that of Cu(TETA) at 577 nm. The 30 min.
reaction was followed by photometric determination. The differences among parallel
measurements (3 parallels) were found to be 4% or better, in relation to the type of clay.
No influence of sample preparation was found (CEC values resulting from addition of
stock solution to dry and dispersed samples were identical). The influence of pH on the
absorption coefficients of both complexes were investigated by buffering the
supernatant solution before absorbance measurement (pH = 8). The absorption
coefficient of Cu-dien was found to be more pH sensitive than that of Cu-trien. In
general, the buffer modestly increases the absorption coefficients of both the complexes.
The results were in good agreement with those obtained by the ammonium acetate
method. The CEC of Source Clays from The Source Clays Repository were discussed
because of distinctly higher CEC values which might be caused by different drying
conditions. Ammann recommends photometric determination and addition of
tris(hydroxymethyl)aminomethane buffer as a standard procedure.*

The comparison of CEC using copper-polyamine complex with ammonium acetate
CEC, obtained by the above authors, is given in Table 3.8.
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Table 3.8 - Variation in CEC, comparison of ammonium acetate and copper-polyamine

methods
CEC
NH4OAc CEC Cu Diference
Author Sample (mmol/100g) (mmol/100g) (%)
Bentonite SAz-1 120.0 122.0 1.6
S Bentonite Volclay 81.9 84.5 3.1
N Bentonite MX-80 71.5 75.5 53
% Bentonite Montigel 62.0 63.9 3.0
S K-bentonite B39 53.0 60.1 11.8
) K-bentonite B31/32 42.0 46.1 8.9
d  K-bentonite M40 29.0 314 7.6
-8 Illite MC 19.0 20.0 5.0
> Illite S 16.0 19.0 15.8
China Clay (kaolinite) 3.8 6.4 40.6
Beidellite B2 113.0
Beidellite B18/4 116.9 120.0 2.6
Bentonite Cameron 58.6 61.5 4.7
Bentonite Cream 67.9 70.7 4.0
Bentonite de Maio 84.4 84.5 0.1
Hectorite H3 40.6 45.7 11.2
Kaoline KGa-1 1.7 1.5 -13.3
Na-montmorillonite
Kunipia A 102.3 102.8 0.5
&  Bentonite M3 101.8
§ Bentonite M26 67.9
~  Bentonite Camp Berteau
s M34 87.7
o Bentonite M39 86.7
g Bentonite M40a 88.4 89.0 0.7
E SWy-1 73.4
STx-1 71.0 71.8 1.1
Bentonite M46 91.2
Bentonite M47 95.2 98.4 3.3
Bentonite M48 95.0 94.5 -0.5
Ca-bentonite M50 100.1 102.2 2.1
Bentonite Otay 83.2 92.4 10.0
Bentonite oxidizable blue 61.0 65.1 6.3
Bentonite Polkville 84.8 85.2 0.5
Bentonite Schwaiba 87.3
Bentonite Upton 69.9 74.9 6.7
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3.8.6. Other methods for clay investigation
Electron microscopy

Impact of an electron on a sample can result in various processes (Fig. 3.16).

Sampling depths of various interactions:
Incident beam

Incident beam
Backscattered electrons

X-rays Secondary electrons
Auger electrons

Auger electrons

A _Secondary electrons

. Backscattered electrons
Cathodoluminescence -—

- Characteristic
Interaction__ X-ray emissio!

Sampl
volume ple

Continous
Inelastically X-ray emission

scattered electrons

Elastically
scattered electrons

Transmitted electrons

Fig. 3.16 - Results of electron interaction with a sample

— Backscattered electrons are formed on atoms nearly normal to the incident beam.
Number of backscattered electrons is directly related to the atomic number of the
target atom. Backscattered electrons are used for surface element distribution
analysis.

— Secondary electrons are produced by ionization and have a low kinetic energy
related to the atomic orbital the electron was loosed from. Only the atoms near
the surface emit secondary electrons. Changes in topography (larger than
sampling depth) change the yield of secondary electrons enabling topography
exploration.

— Auger electrons are formed after emission of secondary electrons when
vacancies are filled by drop of an electron from a lower energy shell (more
distant from the nucleus). The drop leads to energy surplus and this is released
by emission of a new — Auger — electron. The electron energy is unique for each
element. Auger electron energy analysis informs on the specimen composition.

— X-rays are produced when secondary electron vacancies are filled by drops of
lower energy electrons and the surplus in energy is released in the form of X-ray
radiation. Released radiation is unique for each element. X-ray emission analysis
informs on specimen composition.

— Cathodoluminescence occurs when high-energy electrons return to ground state
with simultaneous light emission.

— Transmitted electrons pass through specimen without interaction, in proportion
to the sample thickness.
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— Elastically scattered electrons (without energy loss) are deflected by the
specimen from incident beam path, according to Bragg's law. The observed
diffraction pattern (spots) informs on the crystal orientation, atomic arrangement
or the phases present.

— Inelastically scattered electrons pass through the specimen with a loss of energy.
Energy loss is related to the elements which interacted with the passing electron.
It is characteristic for the element and its bonding state. Inelastically scattered
electrons inform on the composition and bonding state (i.e., the oxidation state).
Inelastic scattering is also related to the atomic spacing in the specimen resulting
in the presence of light and dark lines (Kikuchi Bands).

The source of electrons is a tungsten filament, LaBs or a field emission gun. The whole
electron pathway has to be evacuated to avoid interaction with gas and other molecules
(though low-pressure devices are developed recently). The beam is accelerated and
focused in the system of electromagnetic lenses to reach the sample. According to the
interaction observed, several electron microscopies are distinguished:

— TEM - transmission electron microscopy

— SEM - scanning electron microscopy

~ REM - reflection electron microscopy

— STEM - scanning transmission electron microscopy
Electron microscopy is mainly used for morphological observation and chemical
composition determination. Concerning the clay minerals, it is of lower importance. All
smectites exhibit sponge-like morphology and wide variation in chemical composition
which makes identification by electron microscopy impossible.'**'*

Thermal analysis

Thermal analysis is based on observation of processes taking part during programmed
sample heating. The temperature is usually programmed as a linear function of time.
When no thermal effect is present, the difference in the sample and the standard
temperatures equals zero (zero line). Chemical changes are thermodynamically
classified into endothermic and exothermic processes. The change in the sample
temperature is directly related to the process taking part in its volume. The methods of
thermal analysis are:

— DTA (differential thermal analysis) observes differences in thermal behaviour of
the sample and a standard (usually corundum - AlLO;). During the
endo/exothermic processes, the difference in the sample-standard temperatures
is not null. Endothermic processes are registered under the zero line and
exothermic ones above it. Every thermally active mineral exhibits one or more
thermal effects present in a characteristic temperature interval. Observing the
character, number and location of thermal effects enables identification of
minerals (in comparison with etalons or the literature).

— DTG (differential thermal gravimetry) describes thermal processes from
quantitative point of view. The sample weight is observed as the function of
heating. Thermo-balances measure sample weight continuously through the
heating program. Thermal gravimetry (TG) and differential thermal gravimetry
(DTG) provide the same amount of information. Nevertheless, differential
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thermal gravimetry enables a better resolution of neighbouring thermal
processes.

The furnace space is heated electrically. Common temperature limits are 1000 °C (or
1200°C) for classical thermal analysis and 1500 °C (resp. 1600 °C) for the high-
temperature version. Clay minerals mainly exhibit dehydration and dehydroxylation
endotherms and exotherms connected with structural rearrangements. Kaolinite
dehydroxylates in 550-570 °C interval and structural changes are pronounced in
970-980 °C interval. Smectites dehydrate in 130-170 °C interval (first solvating shell is
released). The second dehydration step is at 210 °C when the second hydration shell is
extracted and divalent cations are left unsolvated. Dehydroxylation is found within
680 - 700 °C interval.®*

Méssbauer spectroscopy

Atom nucleus is built by nucleons arranged in distinct energy levels. The energy levels
are influenced by the atom environment causing changes in the energy levels or their
splitting. Nucleons can be excited to higher energy levels by absorption of gamma rays
and their deexcitation leads to emission of radiation. Free nucleus recoils during
absorption/emission due to momentum conservation. Therefore, the emitted gamma ray
has a lower energy than the nuclear transition and resonance of another identical
nucleus is impossible. Mdssbauer discovered (in 1958) that, when atoms are fixed
within a solid matrix, the recoil and Doppler broadening (due to thermal motion) are
eliminated and the resonance transition is possible. The recoil can further be lowered by
cooling the sample to 77 K (liquid nitrogen temperature) or to 4 K (liquid helium
temperature).

The quality of Méssbauer spectra is related to the average lifetime of the excited state
(the resolution) and the relative number of recoil-free events (the signal strength). The
Maossbauer effect is only detected in isotopes with very low excited states. Spectra are
commonly measured for *’Fe iron isotope which has a 2.14 % natural abundance. The
probing gamma-ray source has to be a radioactive atom decomposing to an excited
isotope detected by Mossbauer spectroscopy (*’Co for *’Fe detection). Modulation of
radiation is achieved by Doppler effect when the radioactive source oscillates with
respect to sample at a velocity of a few mm/s. The spectrum is recorded as the
transmission counts in relation to the source motion (mm/s, related to the radiation
energy). Use of transmitted gamma-rays restricts the sample thickness.

The energy levels of an atom are modified by the environment in three ways:

— Isomer shift: the interaction of nucleus with electron shell influences the nuclear
energy levels. The alteration is characterized by the isomer shift (for *’Fe quoted
relatively to alpha-iron at room temperature). The isomer shift causes a shift of
the whole spectrum. It is useful for determining the valency state, ligand
bonding states, electron shielding and the electron-drawing power of
electronegative groups.

— Quadrupole splitting rises from the presence of an asymmetric electric field (the
nucleus is exposed to an electric field gradient). The gradient splits the nuclear
energy level of the excited state and the spectra exhibit double peaks of identical
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intensity. Quadrupole splitting is sensitive to the oxidation state, the
coordination number and symmetry of the surrounding environment.

— Magnetic splitting arises from the presence of a magnetic field (Zeeman
splitting). The *’Fe energy level of the excited state is split into a quartet and the
fundamental state into a doublet. The spectrum exhibits a sextet. The separation
is related to induction of a field.

Application of Md&ssbauer spectroscopy to clay mineral investigation is often
complicated by the presence of admixtures, lower contents of iron in clay mineral
(kaolinite), poor magnetic ordering and the presence of preferred orientation causing
unequal doublet line intensities. Clay minerals rich in iron are glauconite, celadonite or
nontronite. Mdssbauer spectroscopy is useful tool for iron oxides investigation. The
spectra can be fitted in several manners. The “minimal” model fits only as many
Lorentz profile functions as necessary and its result is considered consistent and
serviceable. The spectra can also be fitted on the basis of information obtained from
other methods additionally used (e.g.: FTIR).'®-16!68

Nuclear magnetic resonance (NMR)

NMR observes transitions between energy levels of the nucleus in a strong magnetic
field. Nuclei are oriented according to the magnetic field applied while the sample
rotates. The Zeeman effect splits the energy of the excited state. The energy needed for
transition is in the range of radio-electromagnetic radiation. The nucleus is shielded by
electrons which are in interaction with the surrounding ligands. The chemical shift
describes the extent of electron shielding ability in relation to a standard where the atom
is bound in a symmetric environment (standards involve, e.g,: (CH3)sSi for *Si and
Al(H20)6Cl3 for 27Al), therefore, the nearby arrangement can be detected. Atoms with
even numbers of protons and neutrons are NMR invisible. Atoms with odd numbers of
protons and neutrons have complicated NMR spectra. Thus only the elements other than
these are investigated. Concerning clay minerals, NMR of silicon and alumina are
investigated (29Si, 27Al). Nevertheless, the NMR spectra of solid matrices, compared
with liquid samples, are enriched by new features (dipolar interaction, quadrupole
interaction and anisotropy of chemical shift). The new method for investigation of solid
phases is MAS NMR (Magic-Angle Spinning Nuclear Magnetic Resonance).

3.9. Statistical methods, evaluation of results

Information on the sample composition or properties is obtained by measurement. Even
if the sample is homogeneous, replicate measurements lead to different results. The
result is composed of information and noise and is subject to an error of measurement.

The errors are:

— random: they cannot be determined in advance, occur randomly and are
described by some distribution function.

— systematic: they are commonly functions of time and shift all the results in the
same manner (to higher or lower values). They can be identified when the data
are compared with the same data set obtained using a different measuring
method and/or a different instrument.
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— gross: this occurs when one or more results significantly differ from the rest and
is caused by instrumental and/or human failures during the experimental
work.Gross errors must be avoided.

A determination is considered to be accurate, when the systematic error is below a
permissible value and precise when the random error does not exceed the permitted
level. Acceptably accurate and precise results are called reliable and the reliability is
generally enhanced by increasing the number of parallel measurements and by
comparison of the sample measurements with those on reliable standard materials.

Model of measurement:

Experimental data are statistically evaluated using a suitable model of measurement, see
Table 3.9).

Table 3.9 - Models of measurement

Model Expression Note
Additive X, = U+E, (3.50) omits sample variability, random
errors can be positive or negative
Multiplicative x, = u-exp(g;) (3.51) results of measurement are positive
only, scattering grows in respect to

measured x;
With x,=pu+¢e +a (3.52) systematic error cannot be determined
systematic if x; is measured at only one p level
error
x; — 1s observation of i-th measurement ¢; — random error
4 — location (correct observation) a — constant (systematic error)

Data exploration (concerning the additive model)

Before any statistical testing is performed, it has to be assured that the data are:
1. Sufficient
2. Independent
3. Homogeneous (results are of the same distribution)
4. All the results have the equal chance of being chosen

The minimal size of a data set can be determined in many ways. For example, to reach a
desired relative error,

n. = g,(x)-1 +1
" 45%(s)
nmin — minimal size of the data set
22(x) — shape (sharpness) of the set distribution
d(s) — relative error (standard deviation, commonly 8(s)=0.1, 10%)

(3.53)

The minimal size of a data set for normal distribution (the most commonly used) is
above 50 measurements. Replicate measurements commonly performed are insufficient.
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“Independent data” requirement is commonly violated by measuring device instability,
setting of measurement, sample volumes, temperature, contamination of the chemicals
or by restrained sample choice. Dependent data identification is performed using
autocorrelation coefficient of the first order.

Outliers are data which are subject to a gross error. They have negative influence on
evaluation and therefore they have to be identified and excluded.
Graphical exploration is performed by:
1. Diagram of dispersion is a one dimensional graph where the results are shown
on the x-axis. The graph points to data grouping and suspected outliers.
2. Box plot is graphical representation of robust characteristics of data set (data are
ranked according to their value, specific positions dividing the set according to
the percentage content of the results are called quantiles). A box plot is a
rectangle containing 50% of the results (data lying between 25 and 75%
quantiles, means between lower and upper quantile). The rectangle height
equals«/r? . Median (50% quantile) is marked as the vertical line dividing the
quartile rectangle. The lower and upper inner borders (B and By) are marked
out of the quartile box as horizontal lines ended by short vertical lines and are
calculated as:
BL=X 025-1.5 (X 0.75- X 0.25) (3.54)

Bu=X 075+1.5 (X 0.75- X 0.225) (3.55)

X 025 — lower quartile (border of 25% quantile)
X 0.7s — upper quartile (border of 75% quantile)

Data lying out of the upper and lower inner borders are suspected to be outliers
and are marked as circles. Box plots also indicate the symmetry or declination of
data set and outliers.

Note: graphical indication of outliers can also be performed by graph of quantiles,
symmetry, half-summs and other.

3.9.1. Data set characteristics

Each random selection (data set fulfilling the conditions noted above) is characterized
by location, scale (data dispersion), and data distribution. An additional information is
the shape of distribution. These are the selection characteristics. The way the data are
distributed around location is described by distribution function f{x,6) concerning
continuous random variable or by probability function p(x,8) for discrete variable. The 6
is the vector of parameters formed from the location, scale and shape. The aim is to
determine appropriate estimates of the parameters. The criteria of estimation quality are:
— Consistence: The estimate is consistent when the probability of data being
distinct from the real value is arbitrary small, equal to 1 (valid for sufficiently
sized selections).
— Impartiality: Location of a given set with n» members is equal to the estimate.
— Efficiency: The estimate is efficient when the dispersion around the location is
minimal among all the other estimates.
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Point estimates of location and scale

Point estimates are prescribed mathematically and result in the most probable
observation of the location and scale. Application of the proper location estimate is
driven by distribution of the data set (e.g.: the same precision of the estimate using
median for normal distribution, 1.6 more measurements have to be performed than
using selection average). Some point estimates of location and scale are shown in
Tables 3.10 and 3.11.

Table 3.10 - Location estimate

Location estimate Equation Note
Selection average 1
8 s_ —Z %, 3.56) S° called first general
ng moment
Modus X, = max (X1,Xy...X;) (3.57) maximum on
distribution function

Selection median odd membered selection:
% =%,k =(n+1)/2 (3.58)
even membered selection:
%os = (e +x ) k=()2 (359

robust guess of location

Half-sum x, =(x +x,)/2 (3.60) average of maximum
and minimum
n — number of measurements x; — ith measurement

Table 3.11 - Scale estimate

Scale estimate Equation Note
Self:ctlon N 1 & (x, - 3 3.61) so called second central
variance n-15" : moment
Variance A 1 2 Square root of variance
o= ;Z(x,- ~#) (3.62) s standard deviation
Average absolute Jr (13
deviation d= T(;ZIX' - y|) (3.63)
i=1
n — number of measurements X - selection average
x;— i measurement u — location

Interval estimates of location and scale:

Interval estimates offer more information. The position of a parameter is marked by two
values L; and L, which are borders of a confidence interval. It shows with the selected
probability (1-a) the interval where the real observation is located (P(L;<8<L;) = 1-a).
Parameter o is called the level of significance.
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The confidence intervals are:
— narrower with wider selection (growing n)
— narrower with smaller variance of selection
— wider with higher statistic certainty (1-a) chosen

Confidence interval of normal distribution can be calculated:

-2L cpu<z+2-L (3.64)
Jn Jn
X - selection average
o — standard deviation
n — number of measurements
u - location

3.9.2. Data distribution

Identification of data distribution

Histogram is the oldest tool for evaluation of the distribution. The data are ranked
according to their value. The X-axis of graph is linearly divided. The number of results
lying in each interval is marked on the y-axis in the form of columns. The quality of
histogram depends on the X-axis interval width. (note: data distribution can be
evaluated by many other methods, such as quantile-quantile graph, rankite graph,
Poisson’s graph etc.)

Types of distribution

Poisson distribution is most often found during observation of a rare phenomenon
(e.g.: in particle counters). The probability function is defined by:

x -A
p Ay =2 : (3.65)
x!
x - discrete random variable
A - characterize central value and variance.
The best estimate of the central value is:
k
Z n, -x
A=xL (3.66)
n
n — number of measurements
x — result of measurement
n, — number of realisation of result x
The variance is calculated:
Dli)= A/n (3.67)
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Normal distribution is the most common model of random continuous variable
distribution. Aditive model of measurement is considered and the result is composed of
information and random independent errors. The normal distribution function is:

Lol 5]

f(x) = -exXp (3.68)
2710
x — variable, o0 <x < o0
u — location
o” — variance

The best estimate of the location of normal distribution is the set average, ¥ and of
scale is the set variance, s°.

Rectangular distribution is the simplest distribution of variable which appears in a
selected interval (a-h<x<a+h). The distribution function is:

f(x)=51’-l-,a—thSa+h (3.69)
The best estimate of location is half-sum x, and the estimate of scale is:
;’0 = (n +1) . (xmax — xmin (3.70)
(n-1) 2

n — number of measurements
Xmax — Maximal observation
Xmin — minimal observation

Other distributions are e.g.: Laplace, exponential, log-normal etc. Note: if the data are of
other than normal distribution, the evaluation is complicated. The data can be
transformed to lower the variance and improve symmetry. To interpret the results of
analysis performed with transformed data, a backward transformation has to be found.

Confirmation of data normality:

The majority of statistical evaluation procedures requires random independent data of
normal distribution. Normality of distribution can be tested (tests are less sensitive than
diagnostic graphs).

Shapiro-Wilk test: for 3-50 membered set the mathematical expression of test statistics
is:

n 2
o]

2 (x;- %)

i=l
a; — is related to rank statistics of expected normal distribution (table
values)

W = (3.71)

If W is lower than critical W, quantile the normality hypothesis is rejected.
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Kolmogorov-Smirnov (KS) test is used to decide if the set originates from a population
with a specific distribution. The KS test can be applied only to continuous distributions
and tends to be more sensitive near the center than at the tails of the distribution.
Testing requires full specification (location, scale, shape). The test statistic is:

i-1 i
D= maxns:sn(F(K)—Tv-,—ﬁ—F(x)) (3.72)
F — is theoretical cumulative distribution of tested distribution

If D is higher than the critical table value, then the distribution identity is rejected.'®?

3.9.3. Statistic testing

Statistic hypothesis is presumption on probability distribution of one or more random
variables.

Statistic hypothesis test is a procedure which prescribes the decision on a statistic
hypothesis. Testing procedure contains null hypothesis Hy and alternative hypothesis Ha
formulating the goal of testing. Alternative hypothesis is accepted when null hypothesis
is rejected. The equation called test statistic is constructed to decide on null hypothesis
validity. If the result falls into acceptance region, null hypothesis is accepted. If the
result falls into a critical region, the null hypothesis is rejected and an alternative
hypothesis is accepted.

Level of significance: The probability of rejecting null hypothesis is called level of
significance - a. It is commonly expressed as 100-a% level of significance
(commonly 0.5).

The testing procedure is:

Formulation of null hypothesis and alternative hypothesis
Choice of significance level a

Selection of test statistic

Determination of critical region

Random selection, calculation of test statistic

Decision on hypothesis

AR

Rejection of a valid null hypothesis creates error of the first kind. Acceptation of invalid
null hypothesis creates error of the second kind. Generally, when null hypothesis is not
rejected on a=0.5, there is no significant difference between the theoretical and selected
parameter. When the null hypothesis is rejected on 0=0.1, the difference between the
theoretical and selected parameter is statistically different. When null hypothesis is
rejected on a=0.5 but not on a=0.1, the test did not provide sufficient information for
decision.

Testing selection parameters

Hypothesis on selection location and scale is commonly tested while normal distribution
is assumed. A common goal in analytical chemistry is comparison (e.g.: of two
instrumental methods or laboratories, of two materials, etc.). In this case similarity of
distributions and parameters of location and scale is tested. Conformity of two
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selections (X, Y) location is performed using Student’s t-test where Ho: p=py, and Ha:
il In the case of different dispersion (o} # o7} ) and when the data are measured

with different precision, the test statistic is:
_ ﬁ (3.73)

X,y — selection average

2 —
xy

nyy — number of measurements

s selection variance

Conformity of scale is performed using F-test (note: sensitive to normality condition):

st 2
F=mad 5,2 (3.74)
s, s,

s, — selection variance

The results of test statistics are compared with table values and a conclusion on
conformity is made.

Multivariate random variable:

Multivariate random variable is a vector §(&;,&;...6,) described by united distribution
function (the probability that all the components of a vector are lower than components
of a selected vector). The relationship between components of a vector is revealed by
covariance (the measure of the linear combination intensity):

cov(& &) = El6 ¢, )- EE)EE) (3.75)

Covariance can be both positive and negative, for non correlated compounds the
covariance equals zero (note: covariance for other than linear combination may also
result in zero). Another measure of linear combination intensity is the correlation
coefficient which reveals positively, negatively and non-correlated compounds.
Multivariate data are explored graphically or by PCA (principal component analysis,
when the data are strongly related).

ANOVA (analysis of variance) evaluates the significance of variability sources in data
(e.g.: device, operator and sample preparation etc.). Data scattering is distributed into
known sources of variability and unknown (concerned as random):

v, =(p+a)+e, (3.76)
~ y;i— result of measurement
M — location

a; — variability of known source
&5 — variability of unknown source (random error)
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Testing requires the selection of a model. Models with fixed effects are used when
information on significance of known source of variability is stressed. Models with
random effects are tested when sources of variability are chosen from a group of all
possible sources.

If only one variability source is inspected, one-way ANOVA is applied. The source of
variability has K levels of realization, each with n; measurements performed. Random
errors g;; are assumed independent and of normal distribution, N(0,6?). The average on
level i is:

N
ph==3y, (3.77)
n; =1

and whole average is:
1 K
i=— i 3.78
/ K;#, (3.78)
than estimate of a effect is:
a, =, —p (3.79)
A limiting condition is applied:

K
dna, =0 (3.80)
j=1

The total variance is:

n,

(v, - 2F (3.81)

S =

c

M

[
—_

i J=1
And it can be decomposed into variance between levels (st) and variance within the

level (sg):
K

sp=.m (i, ~ )} (3.82)

i=1

K

Sg = Z i()’y -ﬂi)z (3-83)

-1 =l

Test statistic is:
F = 5 (N-K) (3.84)

sx(K-1)
The result of test statistic is compared with the critical table values and the decision on
null hypothesis Ho: a;=0 (i=1, 2,...K) (the differences between levels are negligible) and
alternative hypothesis Ha: a;#0 (i=1, 2,..K) is made. If null hypothesis is rejected,
multiple comparisons can be performed and relations between levels can be revealed.
Multiple comparison null hypothesis is HO:p=p;.'**

Multivariate ANOVA (MANOVA)
More variability sources can influence the measured variable. Moreover, the sources
can be bound by interactions (e.g.: sources A,B,C and their interactions of the first order
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AB, AC, AB and interaction of the second order ABC). Due to possible interactions,
multivariate ANOVA requires more measurements to be performed in order to obtain a
sufficient number of observations on each source combination and interaction. Null
hypotheses on source insignificance are extended by hypotheses on factors interaction
e.g.:

HEf A, =..= gy ==y ==y, == 4 ==y, =0 (3.85)

Total variance (for 3 sources of variability) is:

$S; =3 > (v, —%F (3.86)

Variance due to factor A, B, and C are:

K

SS,=KY (%, -%)° (3.87)
i=]
K

S8y =K) (%, -%) (3.88)
Jj=
K

§S. =K) (%, - %)’ (3.89)
r=1

Residual variance is:
SS, =SS, -8S, ~8S, - SS, (3.90)

The test statistic is:

F, =554 (K-1)-(K-2) _5S,(K-2) (3.91)
(k-1)-8s, SS,

Comparing the results of test statistics with the critical table values leads to a decision
on the source significance.'®*

When the distribution is not of normal distribution, then all the tests based on the
assumption of normality are invalid. Non-parametric tests have to be used.

Non-parametric tests

Kruskal-Wallis rank based test

It is used for comparison of the distrubutions of two or more sets (continuous
distribution of variable is assumed). The content of each set is marked (0;.; pi1..s 91..i
etc.). All the observations are consecutively mixed to form a single pool. The pool is
ordered ascendingly and ranked from 1 to N (N is the total number of observations, the
sum of the n,, n,, and n,). For each selection, the sum of the ranks is calculated and the
Kruskal-Wallis test determines whether the sums are different.
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The test statistic is defined by

R 2
= (N 3 Zl: 3(N +1) (3.92)
k — number of set
n; — number of observation in the set (n,, np, ng)
N — total number of observations
R; — sum of ranks of the set i (o, p, q)

Median test (Levene test)

The test searchs for equal variances. The null hypothesis Hy: 6) = 0, = ... = o is tested
against alternative hypothesis HA: o; # o; (at least one pair varies). The median of each
selection is determined and the observations in the set are substituted by the absolute
values of differences in observations and median:

z, =¥, -¥) (3.93)

17,1 - median of set i

The test statistic is:

e (3.94)

Z, - the set average of Z p Z -averageofall Z p

Mann-Whitney U-Test

It uses the rank sums of two sets and similarity of the medians is tested. Again
observations in each setare marked; a pool of all observations is constructed and ranked.
The sums of the ranks for each set are calculated (7, ;) and test statistics i scalculated:

U, =n,(n,)+5(n,Xn, +1)-T, (3.95)
n, — number of observations in A selection

np — number of observations in B selection
T, — sum of ranks of A selection observations

or:

U, =n,(n,)+5(n, Yn, +1)-T, (3.96)
The test statistic, U, is the smaller of U, and U} and for sample sizes larger than 20:

_v-£@)] (3.97)
o

where

E(U)=5(n,)n,) (3.98)
and

a? =[n,(n,Xn, +n, +1))/12 (3.99)

The critical values are tabulated.'s
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Wald-Wolfowitz test
Observations of each set are marked and ordered. The test observes whether the

ordering is random or not. If the sets are of the same distribution, no grouping will be
observed. Each group (run) of observations from one set is numbered.'®
The test statistic is the number of runs (groups).'®
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4. Experimental

4.1. Samples

Analyzed clay samples are overviewed in the Table 4.1:

Table 4.1 - Clay samples analyzed in this work

Clay Origin
STx-1, source clay Texas, USA, delivered
SWy-2, source clay Wyoming, USA, delivered
DR, Ca-, Mg-, Na-, Li-homoionic forms Rokle, CZ, collected
CVIBE Cerny Vrch, level 1, CZ, collected
CV2BE Cerny Vrch, level 2, CZ, collected
CV3BE Cern)" Vrch, level 3, CZ, collected
HAJBE Hajek, CZ, collected
STSTBE Strance, CZ, collected
Illite Fiiz Fiizérradvany, HU, collected
MES82 Kadari, CZ, collected

41.1. Reference samples from Source Clays Repository

The Source clays standards were investigated in detail and the literature is accessible at
http://clays.org/sourceclays/SourceClaysCCM.html . The chemical data stated below
are published also at: http://www.agry.purdue.edu/cjohnston/sourceclays/chem.htm .

STx-1:

STx-1 was taken for analysis as delivered. The material is from Manning formation,
Gonzales County, Texas, USA. White powdered material forms suspensions easily; no
admixtures are evident at the first sight. The chemical composition is stated in
Table 4.2. The structural formula was determined as:

(Cag.27 Nag o4 Koo1)[Alz.41 Fe** .09 Mntr Mgg 71 Tio.03][Sis.00]O20(0H)4
with -0.68 e octahedral charge and 0.00 e tetrahedral charge.

Table 4.2 - Chemical composition of STx-1 reference sample

Oxide % Oxide/Elemen %

t
Si0; 70.1 CaO 1.59
AL O; 16.0 Na,O 0.27
TiO, 0.22 K,O 0.078
Fe,04 0.65 F 0.084
FeO 0.15 P,0s 0.026
MnO 0.009 S 0.04
MgO 3.69
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The XRD semi-quantitative analysis revealed the mineralogical composition as stated
in'% Table 4.3.

Table 4.3 - mineralogical composition of STx-1
reference sample

Mineral Bulk material <2 um Fine fraction
(content %)  (content %)

Smectite 67 68
Opal-CT 30 30
Quartz

Feldspar

Kaolinite 3 2
Talc (?)

The cation exchange capacity was determined as 84.4 meq/100g with the Ca®* as the
major exchange cation. The measurement of Borden and Giese by ammonia-electrode
using fine fraction resulted in CEC of 89 meq/100g.'"® The infrared spectroscopy
revealed the presence of quartz different from the silica phase and a trace of carbonate.
The mean layer charge according to Mermut and Lagaly is 0.31 per (Si,Al)4O;0 unit
(0.62 per O30(OH), unit)."

SWy-2:

Also SWy-2 was analyzed as delivered. The material originates in Crook County,
Wyoming, USA. The grey powdered material forms a sponge-like structure when
soaked with water. Dark spots are visible on the bottom of the suspension. The chemical
composition is in Table 4.4.

Table 4.4 - Chemical composition of SWy-2
reference sample

Oxide % Oxide/Element %
SiO, 62.9 CaO 1.68
ALO; 19.6 Na,O 1.53
TiO, 0.090 KO 0.53
Fe 03 335 F 0.111
FeO 032 PyOs 0.049
MnO 0.006 S 0.05
MgO 3.05 :

The structural formula is:

(Cao.12 Nag 32 Ko 0s)[Als 01 Fe**0.41 Moo Mgo s Tio.02][Si7.98 Alo.02]020(0H)s

with -0.53 e of octahedral charge and -0.02 e tetrahedral charge. The mineral
composition of the material according to Chipera and Bish'®’ is in Table 4.5. The CEC
was determined as 76.4 meq/100g with Na* and Ca?* as the major cations. The CEC
determined by ammonia electrode in the fine fraction is 85 meq/100g.'* The infrared
spectroscopy revealed quartz and carbonate admixtures and the layer charge determined
by Mermut and Lagaly is 0.32 per (Si,Al)4O10 unit (0.64 per O20(OH)4 unit)."



Table 4.5 - Mineralogical composition of SWy-2 reference

sample

Mineral Bulk material <2 pum Fine fraction

(content %)  (content %)
Smectite 75 95
Quartz 8 4
Feldspar 16
Gypsum
Micavillite 1 1
Kaolinite/chlorite

4.1.2. Collected clays

Bentonites and kaolins were collected in active open-pit mines in the Czech Republic,
and the illite sample comes from the Fiizérradvany deposit, near the city of Miskolc,
Hungary. The group includes samples with high CEC, containing predominately
smectite (CV, HAJ, ST, CEC) and materials of low CEC with predominant illite or
kaolinite, where expandable structures can be present only as admixtures (Fiiz, MES82).
The localities and the samples are described below.

CV - Cemy Vrch:

The bentonite deposit is located W of Braiiany, Czech Republic, the upper section is
mostly composed of smectite with admixtures of calcite, quartz, plagioclase and
goethite. The middle section contains rock fragments (silicified marl, quartzite, gneiss)
and spheroidal siderite or ankerite, and the basal bentonite contains red-coloured
kaolinite, siliceous-phosphorite concretions and calcite as admixtures. The smectite is
characterized as a Fe-rich montmorillonite with Ca®* and Mg?* as the major interlayer
cations.'s®

— CV1BE: The sample was taken at the open pit base. The originally light blue
sample gradually turned grey-blue. No macroscopic impurities were observed. It
contains siliceous balls of various sizes (ranging from 2 cm to 8 cm) with rusty
inner parts.

— CV2BE: Sample was taken from the first terrace from the bottom. The material
was green-blue and gradually turned grey-green. No macroscopic impurities
could be observed.

— CV3BE: The sample was collected in the upper part of an open pit where many
colour variations could be found. The sample is green-brown and contains grains
of a white material — most probably calcite. Calcite admixtures were found at the
same height, with tiny crystals of calcite.
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HAJBE - Hajek:

The Hajek deposit is located 8 km NW from Karlovy Vary. The sample taken from this
deposit had brown-yellow colour with rusty spots. White impurities of calcite could also
be seen. Further operations with the sample revealed the presence of magnetic particles.

STSTBE - Strance:

The bentonite deposit is situated south of the Novy Most. A green-coloured facies of
bentonite is enriched in smectite, the red-coloured in silica.'®® Sample was taken from
the uncovered wall of an open pit. Compact material started to split into smaller
particles with sharp edges covered with rust. No further impurities were visible.

llite Fz — Flizérradvany:

Illite from Fiizérradvany, Hungary, was taken from the mining gallery. The sample is
pure white with very small orange rusty spots. (note: no czech sample of illite could be
choosen because there is no illite deposit in the Czech Republic).

MES82 — Kadari:

The sample was taken from the open pit kaolin mine Merkur near Kadati. It consisted of
white and grey grains, had a sandy character and was easy to manipulate.

Mineralogical characterization of collected clay is summed up in chapter 5.2.4.

4.2. XRD analysis

XRD analysis was performed on several measuring devices with various settings and
sample preparations.

4.2.1. Equipment

Institute of Inorganic Chemistry, Czech Academy of Sciences — XRD devices:
= Siemens D 5005, Burker AXS, Federal Republic of Germany, operating settings
— Cu X-ray tube, water cooling, 40 kV, 45 mA, stage, sample holders for front
loading, 6-6 geometry, graphite monochromator, scintillation detector.
Measuring programs:
— 2 — 80 °20, step scan, 0.02 °20 step, 1s time per step, random — front
loaded — powder sample,
— 2 - 20 °20, step scan, 0.02 °20 step, 1s time per step, oriented — glass
slide — specimen, EG treated samples
= PANalytical X'PertPRO, X'Celerator detector, Almelo, The Netherlands,
operating settings — Co X-ray tube, water cooling, 40 kV, 30 mA, sample
holders for front loading 6-8 geometry, semiconductor detector.
Measuring program:
— 4 -100 °20, step scan, 0.02 °20 step, 106s time per step, accumulation of
10 diffraction patterns, random — front loaded — powder samples
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s  HT-RTG (high temperature XRD diffraction) measured with:
PANalytical X PertPRO with X'Celerator detector, Almelo, The Netherlands,
operating settings — Co X-ray tube, water cooling, 40 kV, 30 mA, Pt heated
support as sample holder in HTK16 Anton Paar temperature chamber, Graz,
Austria (Fig 4.1)

Measuring program:

— starting temperature 25 °C, final temperature 300°C, heating step 5 °C,
combination with collecting XRD pattern: temperature increase A 5°C,
heating rate 60 °C/min, 5 min delay, measurement of pattern in the range
4 — 40 °20, 0.02 °20 step, 60 s per step (18 min per diffractogram).
Sample prepared as oriented specimen from suspension applied on the
heating support. The conformity of programmed and real temperature in
the temperature chamber is presented in the Fig. 4.2.

Faculty of Mining, Geology and Petroleum Engineering, University of Zagreb — XRD
device:
Philips PW1830 generator, Philips Analytical X-Ray BV, Almelo, The Netherlands,
operating settings — Cu X-ray tube, water cooling, 40 kV, 35 mA, stage, sample holders
for back loading, 0-20 geometry.
Measuring programs:
— 2 -170 °20, step scan, 0.02 °20 step, 1s time per step, random — back loaded —
powder sample
— 58 — 64 °20, step scan, 0.02 °20 step, 10 s per step, measurement of 060
diffractions, random — back loaded — powder sample
— 2 -40 °20, step scan, 0.02 °20 step, 1s time per step, oriented — porous ceramics
— specimen, EG saturated
— 2 —26 20, step scan, 0.02 °20 step, 1s time per step, oriented — porous ceramics
— specimen, DMSO treated
— 2 -40 °20, step scan, 0.02 °20 step, 1s time per step, oriented — porous ceramics
— specimen, Li* treated, heated to 300 °C
— 2 —14 °20, step scan, 0.02 °20 step, 1s time per step, oriented — porous ceramics
— specimen, heated to 300 and 550 °C

Faculty of Science, University of Zagreb — XRD device:
PANalytical X PertPRO, X'Celerator detector, Almelo, The Netherlands, operating
settings — Cu X-ray tube, water cooling, 45 kV, 40 mA, sample holders for front
loading, 6-0 geometry, semiconductor detector.
Measuring program:
— 3 — 80 °20, step scan, 0.02 °26, 43.5 s time per step, random — RTS — powder
sample.
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Fig. 4.1 - The construction of HTK16 Anton Paar temperature chamber,
Graz, Austria with sample placed on Pt resistance-heated support and
beam-knife mounted above

3001 — Programmed profile
= Measured temperature

O 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

Time (min.)
Fig. 4.2. - Correlation of programmed and real temperature in the Anton
Paar HTK-16 temperature chamber
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4.2.2. Specimen preparation

The random oriented specimens were prepared by
— Front loading
— Back loading
— RTS technique (Razor Tapped Surface Technique)

The oriented specimens were prepared as

— Glass slides

— Porous ceramics specimens

— Homoionic form preparation using porous ceramics specimens: The sample was
dispersed using an ultrasound bath and an appropriate 4 N chloride salts solution
was added. Proper dispersion was reached by overhead shaking overnight. The
saturation step was followed by the washing step with distilled water. The
sample was centrifuged and the supernatant was removed. Re-dispersion was
performed and this procedure was applied three times. The last dispersion was
used for the preparation of oriented specimen with porous ceramics support.

— Ethylene-Glycol (EG) expandability test was applied for 8 hours by saturation of
oriented specimen in EG vapours (p.a. Lachema, Neratovice, Czech Republic)
generated at 60 °C.

— Dimethylsulfoxide (DMSO) saturation: was performed on porous-ceramics
oriented specimens. The sample was placed on a Petri dish wrapped with filter
paper soaked in DMSO, covered and exposed to70 °C temperature for 24 hours.
Next 24 hours the sample was stored under ambient temperature.

— Heating procedures: the samples were heated to 300 or 550 °C for 2 hours in a
furnance.

4.3. FTIR spectroscopy

FTIR spectra were obtained using a Nicolet Magna 760 spectrophotometer equipped
with a DTGS detector. Accumulation of 32 scans in 4000 — 400 cm™ region with 4cm™
resolution was used for qualitative evaluation of the octahedral and tetrahedral site
occupancy of smectites. The samples were measured using potassium bromide (KBr)
pellets in the transmission mode. The pellets were prepared by mixing 0.001 g of a
sample with 0.3 g of optical grade KBr (Aldrich, Milwaukee, WI, USA) and pressed
under a low pressure.

4.4. CEC determination

Source Clays Repository samples, STx-1 and Swy-2, were tested as supplied. The
weight loss was determined by heating at 105°C for 24 hours and found to be 8.4% for
STx-1 and 3.0% for SWy-2 sample.

Rokle bentonite, North-west Bohemia Czech Republic, was size separated by
sedimentation in distilled water and a fine fraction (< 2 um) was collected. Homoionic
forms were prepared using appropriate salts (CaCl,-2H,0, MgCl,-6H,0, NaCl, LiCl)
and the mass loss was determined by heating to 105°C for 24 hours (see Table 4.6).
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Table 4.6 - Weight loss of homoionic DR sample by heating

(105 °C/24h)
Sample CaDR MgDR NaDR LiDR
Weight loss (%) 14.0 11.2 8.0 7.5

The CEC values for collected clays were determined on the bulk sample, the sample
after chemical removal of carbonates and the fine fraction after carbonates removal. The
weight loss was determined for each type of sample by heating at 105 °C for 24 hours
(see Table 4.7).

Table 4.7 - Weight losses of various types of collected clays

Weight loss (%) Sample

Sample CVIBE CV2BE CV3BE HAJBE STSTBE lllite Fiiz MES2

Raw material 8.94 10.7 1123 11.02 9.37 2.12 0.27

Ié?)wz.mate“a‘ 657 834 92 866 79 192 028
37" removed

<2 pm fraction

CO3* removed 6.92 7.81 8.65 8.16 11.82 298 1.64

4.4.1. Copper trien method

Chemicals:

Anhydrous copper sulphate (CuSO4-0 H;O, p.a., Lachema Neratovice, Czech Republic)
and triethylenetetramine (C¢H;sNs, purum > 97% (GC), Fluka Chemie, Buchs,
Switzerland) were used for the preparation of stock solutions without further
purification. The CuSO4 content of anhydrous powder was determined chelometrically
and the 5 % humidity content was found. Approximately 1.6 g of copper sulphate was
dissolved in a volumetric flask and made to 1 litre with distilled water. The appropriate
amount of trien was weighed using a syringe. All trien was quantitatively transferred to
the volumetric flask and made to 100 ml with distilled water. The stock solution was
finally prepared under continuous stirring in a 3 1 beaker by mixing the two solutions of
trien and copper sulphate. The coloured complex was formed immediately. The mixing
of stock solution is shown in Table 4.8.

Table 4.8 - The stock solution mixing

Solution A B C D E F G

CuSOy (g), corrected
for 5 % humidity content 1.5132 1.5135 1.5133 1.5135 1.5638 1.5650 1.5651

Trien (g), corrected for ) 4057 ) 6097 18291 2.1950 1.4185 1.7023 2.1278

3 % for of admixtures
Resulting concentration
(Cu, mol/dm?®) 0.009 0.009 0.009 0.009 0.009 0.009 0.009
Resulting concentration
trien, mol/dm’) 0.009 0.010 0.011 0.014 0.009 0.011 0.013
Molar ratio 1:1.05 1:1.15 1:1.3 1:1.6 1:1.0 1:1.2 1:1.5
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Procedure:

Reference samples:

— Centrifuged samples: Approximately 0.110+5 g of powdered dry sample was
weighed out, transferred into a 50 ml volumetric flask. The sample was
dispersed in 10 ml of distilled water. Ultrasonic bath and wortex were used if
needed. Stock solution A, B, C or D was added in 6, 8 or 10 ml amounts (see
Fig. 4.3). The sample was re-dispersed and the volume was fixed to 50 ml. The
prepared suspension was left to react for approximately 15 minutes (strong
aggregation occured). The supernatant was carefully removed after
centrifugation at 9800 rpm for 15 minutes. Supernatants were stored in PE flasks
before analysis.

— Filtered samples: Approximately 0.110+5 g of powdered dry sample was
weighed out into a 25 ml beaker. The sample was placed in distilled water and
left to soak overnight. The dispersion was swirled using a magnetic stirrer and 6,
8 or 10 ml of stock solution A, B, C or D were added. After 15 minutes of
stirring, the suspension was allowed to settle and filtered through quantitative
cellulose filters (Filtrak, grade 389, white stripe). The solid phase remaining on
the filter was rinsed with distilled water. The supernatant volume was made to
50 ml in a volumetric flask. The samples were stored in glass flasks before
analysis.

Reference samples (STx-1 and SWy-2) CEC experimental settings

Solution A B C D A B C D

oo Ta0s] 1445] 113 | 116 | [1:4.06] 1145] 143 | 116

/1N /AN /N /N /N /N /
Addition (ml) |6 |8 10]6 |8 |10]6 |8 J10]6 |8 [10] [6 |8 [10]6 |8 [10]6 |8 10]6 |8 10|

Paralcls

Weigh in ) )

of sample 0.11 g in all cases 0.11 g in all cases
Supernatant Filtration Centrifugation
removal

Fig. 4.3 - Experimental setting of reference samples

Rokle homoionic samples:

Approximately 0.110+5 g of powdered dry sample was weighed out and transferred into
a 50 ml volumetric flask and dispersed in 10 ml of distilled water. Ultrasonic bath and
wortex were used if needed. Stock solution E, F, G was added in 6, 8, 10, 12 or 14 ml
volume and the content was swirled again (see Fig. 4.4). The total volume was made to
50 ml with distilled waterl and left to stand for 15 minutes. The suspension was filtered
using Filtrak white stripe paper and stored in glass bottles.
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The experiments were carried out for each setting in three parallels except for the
sodium form and solution G, where only two parallels were prepared, and the lithium
form, where sample depletion allowed only one measurement.

Rokle homoionic(Ca™, Mg”, Na” and Li*) samples CEC experimental settings

Solution E F G
Molar ratio 1:1 1:1.2 115
(Cuctrien)

Addition(ml) | 6] 8]10]12]14] 6] 8 ]10]12]14] 6] 8 ]10]12]14]
Paralels

Weigh in 0.11 g inall cases

of sample

Supernatant Filtration in all cases

removal

Fig. 4.4 - Experimental settings of Rokle samples

Collected samples:

A 0.009 M stock solution with 1:1 molar ratio was prepared by mixing 2.4990 g of
copper sulphate pentahydrate (CuSO45H;0, Lachema, Neratovice, Czech Republic)
dissolved in 1 litre of distilled water with 1.5063 g of triethylenetetramine dissolved in
100 ml of distilled water (C¢HisN4, purum > 97% (GC), Fluka Chemie, Buchs,
Switzerland). The bentonite samples (CVBE, STSTBE and HAJBE) were equilibrated
with 8 ml of the stock solution. For Illite Fiiz and ME82 sample, 5 ml of the stock
solution added were found satisfactory. The volume was made 50 ml with distilled
water and the supernatant was separated by centrifugation. The samples were stored in
PE bottles prior to the analysis.

Detection:

Atomic spectroscopy

AAS was performed using a flame AAS spectrometer Zeiss3 (Carl-Zeiss, Federal
Republic of Germany) or an SP9 Atomic absorption spectrometer (Pye-Unicam Ltd.,
Cambridge, United Kingdom). The copper cations remained in the supernatant and the
released magnesium ions were determined by atomic absorption and Ca®*, Na*, Li* and
K" by atomic emission spectroscopy. The atomization fuel was a mixture of acetylene
and air. Concentrations in ppm were obtained using the calibration curve technique.The
CECc, was calculated from Cu®* consumption and CECg,, from the native cations
released to the supernatant.

UV-Vis spectroscopy

UV-Vis was performed using a Perkin Elmer lambda 35 spectrophotometer (Perkin
Elmer Inc., Waltham, MA, United States). The absorption maximum was determined at
576 nm (see Fig. 4.5). The samples were measured against distilled water and evaluated
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using a calibration curve. The calibration curve was linear over a wide range of
concentrations. The results were calculated as CECyy.vis from the absorbance of the free
Cu-trien complex.

UV-Vis absorption spectra of Cu-trien
absorption spectra

030
0251
020
0.15-
0.10+

absorbance

0,002

v r e e m v v .
400 450 500 550 600 650 700 750 800
wavelength (nm)

Fig. 4.5 - Determination of Cu-trien complex absorption maximum

4.4.2. Ammonium acetate method

Chemicals:

The ammonium acetate stock solution was prepared by dissolution of 154.2 g of
ammonium acetate salt (CH;COONH,, p.a., Kemika, Zagreb, HR) to obtain the 2 M
concentration. A solution of ammonium chloride was used as the tracking agent (diluted
solution, NH,4Cl, p.a., Kemika, Zagreb, HR). The washing steps were performed with a
30 % vol. mixture of ethanol (C,HsOH, 96%, p.a., Alkaloid ad., Skoplje, Macedonia)
and distilled water. The chloride anions were detected using silver nitrate (AgNO; p.a.,
Kemika, Zagreb, HR). Ammonium was consecutively released from the sample by
15 % wt. sodium hydroxide solution (NaOH, p.a., Gram -mol d.o.o. Zagreb, 176.47g
dissolved in 1 litre of distilled water, strong exothermic reaction). The 4 % wt. solution
of boric acid (H3;BOs, p.a., Kemika, Zagreb, HR) was used as NH,'trapping agent.
Trapped NHs'was titrated by 0.005M solution of sulphuric acid (H,SOs,
Merck-Alkaloid, Skoplje, Macedonia) with methyl red (Merck, Darmstadt, Germany)
and methyl blue (Acros Organics, Geel, Belgium), as the indicators.

The titration factor of sulphuric acid was determined using sodium carbonate (Na,COs3,
anhydrous, p.a., Kemika, Zagreb) and the methyl orange (Merck, Darmstadt, Germany),
indicator. The sodium carbonate was weighed after water desorption (250 °C heating for
2 hours).

73



Procedure:

The measurement was performed in two parallels. Precisely 0.1 g of sample was taken
for the analysis. Saturation by NH," cation was performed by 24 hr wetting in 10 ml of
2 M ammonium acetate solution with occasional steering. Saturation followed with
three washings by 10 mL of ammonium acetate. The supernatant was always removed
by centrifugation (3000 rpm for 5 minutes) and careful effusion. The third washing
solution was enriched by few drops of ammonium chloride to track the access salt
removal. The NH,'access is washed with ethanol/water mixture. Triple washing should
be sufficient. Silver nitrate check was used to detect the presence of chlorides.

Ammonium ions present in the interlayer of the sample were consecutively detected by
the Kjeldahl method. The sample was transferred quantitatively using distilled water
into a round bottle and 150 ml of 15% NaOH were added. The bottle was sealed and
connected to a water-cooler. On the other side of the cooler, the condenser tip was
placed in an Erlenmeyer flask just above the surface of a H;BOs solution (2 ml, 4 %
concentration). The round flask was placed on the heating element, water supply to
cooler was opened and the heating element was switched on. Distillation was run until
100 ml of the distillation product were obtained. The condenser tip was rinsed with
distilled water and four drops of methyl red and 1 drop of methyl blue were added to the
distillation product in the Erlenmeyer flask, changing the colour to green. The solution
was titrated with 0.005 M H,SO4 solution through the colourless to light pink colour.
CEC was recalculated from H,SO4 consumption and corrected for water loss.

4.4.3. Silver thiourea method

Chemicals:

A solution of silver cations with 0.04 M concentration was prepared from silver nitrate
(AgNOs;, p.a., Kemika, Zagreb) by dissolution of 3.4016 g and making the total volume
to 500 ml. The thiourea (NH4),CS, p.a., Kemika, Zagreb) solution was prepared by
dissolving 15.2227 g of thiourea and fixing the final volume to 1000 ml. The stock
solution of silver thiourea complex (Ag(TU),) was prepared by slowly adding AgNO;
solution to thiourea under constant stirring. The stock solution was stored no longer
than two days.

Procedure:

Orientative experiments were carried out in order to determine the most suitable
experimental settings (Table 4.9). The sample was weighed in an appropriate amount
and the stock solution of Ag(TU), was added. The samples were shaken overnight,
centrifuged and the supernatant was carefully removed for analysis. Supernatants were

stored in PE bottles prior to the measurement which was performed within shortest time
possible.
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Table 4.9 - Experimental settings for collected sample
using silver thiourea method

Sample Weight (g) Addition (ml)
CVIBE 0.6 50
CV2BE 04 50
CV3BE 0.3 50
HAJBE 0.4 50
STSTBE 0.4 50
Illite Fiiz 0.5 25
MES2 0.6 25
CVIBE <2 um 0.3 50
CV2BE <2 um 0.4 50
CV3BE <2 um 0.3 50
HAJBE <2 pm 0.4 50
STSTBE <2 pm 0.3 50
Illite Fiiz <2 pm 0.5 25
MES82 <2 um 0.5 25

Detection:

The Ag” ions were determined by atomic absorption spectroscopy using an SP9 Atomic
absorption spectrometer (Pye-Unicam Ltd.,, Cambridge, United Kingdom). The
atomization fuel was a mixture of acetylene and air. Concentrations in ppm were
obtained using the calibration curve technique. The CEC values were calculated from
differences in the Ag" contents in the sample and the stock solution.

4.5. Statistical methods, evaluation of results

For each group of measurements the location and scale were determined.
Location:
— selection average
— median
Scale:
— minimum and maximum
— lower and upper quartile
— variance
— standard deviation

Data distribution was inspected using a box-plot, histogram and normality testing with
Kolmogorov-Smirnov and Shapiro-Wilks test. The influence of the experimental
conditions was tested with MANOVA, Kruskal-Wallis rank based test, median test,
one-way ANOVA and Wald-Wolfowitz test. All the statistical procedures were
performed using StatSoft.Inc (2005), STATISTICA, (software system for data analysis),

version 7.1.
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5. Results and Discussion

5.1.

Sample treatment

Physical treatment:

— Disaggregating sample: the samples were dried on a heated support and gently

crushed in an agate mortar to obtain a powder sample. The samples were stored
in plastic containers or further processed.
Size separation was performed by sedimentation in distilled water according to
the Stokes law. The settling time for 2 pm fraction is 15.5 hours when taken in a
15 cm depth. The suspension was dried at 60 °C and crushed in an agate mortar
or processed to obtain a homoionic form.

Chemical treatment:

Carbonate removal: was performed on samples containing calcite and siderite.
Chemicals: Acetic acid (CH3;COOH acid 99.5%, density 1050 g/1000 ml p.a.
grade, TTT, HR), the stock solution was prepared from 57 ml of acetic acid
diluted by distilled water to 1000 ml volume resulting in 1 M concentration.

The buffer was prepared by mixing of 22.8 ml CH3;COOH (99.5%) diluted in
500 ml with 61 g of sodium acetate NaOOCCHj; (anhydrous, p.a. grade, Kemika
Zagreb) diluted in 500 ml of distilled water. The final volume was 1000 ml and
pHS.

Procedure: Samples were dispersed in 200 ml of the acetate buffer and left to
stand overnight. Approximately 200 ml of acetic acid were consecutively added
dropwise with simultaneous steering and heating. The mixture was left to stand
over weekend and then centrifuged (3500 rpm for 15 minutes). Excess salt was
washed out with distilled water. Washing was performed three times. The
samples were dried on a water bath.

Homoionic form preparation was performed with a suspension of clay fraction.
The 1 M solution of appropriate chloride was added (CaCl,, MgCl,, NaCl and
LiCl, grade p.a., Lachema Neratovice, Czech Republic). The suspension was
stirred using a magnetic stirrer for several hours and left to soak overnight. An
addition of a salt solution caused flocculation. Clear supernatant was removed
and a new portion of 1 M solution was added. The saturation steps were
performed three times. The salt was washed with distilled water. The suspension
was stirred, allowed to settle and the supernatant was carefully removed. This
step was performed until the sample was no longer capable of settling. A few
drops of 1 M salt solution were added (only the necessary amount to cause
flocculation) and the supernatant was removed. The suspension was transferred
to a dialysis membrane and dialysed to negative reaction with silver nitrate
solution (AgNOs, chloride test). Homoionic samples were dried at 60 °C and
powdered using an agate mortar. Note: the lithium homoionic form was
prepared from sodium homoionic form (prepared as described above up to the
dialysis step which was substituted by lithium saturation).
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5.2. Mineralogy of collected clays

The mineralogical characterization was performed using XRD diffraction. The samples
were dried on a heated support and gently crushed in an agate mortar. The diffraction
patterns were evaluated according to Moore and Raynolds (1997). The mineral
composition of the samples can be seen in Table 5.1. The diffraction patterns are given
in Figs. 5.1 - 5.7.

Table 5.1 - Mineral composition of collected clays

Sample

Admixture CVIBE CV2BE CV3BE HAJBE STSTBE IlliteFiiz MES82
Smectite + + + + +

> Illite + + + +

O Kaolinite + + + + +
Mix. m. + +
Quartz + + + + + +

> Anatase + + + + +

) .

o Siderite + + +

5 Calcite + +

Z Feldspar +
Hematite +

CV1BE - bulk sample

§ § 080 diffraction
6000 -
1200- 61.76 (1.500 A ) montmorilionite
5000 - 1000 -
1 62.22 (1490 A)
800 - kaolinite

0 20 3% 4 S 6 70
angle (°20)

Fig. 5.1 - Mineralogical characterization of CV1BE (XRD pattern is based on 10
diffraction records using CoKa radiation). The insert shows the 060 diffractions
of clay minerals (after carbonates removal in NaOAc, using CuKa radiation)
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CV2BE - bukk sample

8000 - 080 diffraction
9 1100 62.10 (1493 A)
7000 - § 1000 montmoriionte
- “
) 800 62.75 (1.480 A)
700
1 600
5000 - 500
< 400
4000 < 00
200
4 (1) 61 62 <) [
) g
2000 ~ X g
1000 -
<
o 7 Y v U v T v v v T
10 20 30 40 50 60 70
angle (°20)

Fig. 5.2 - Mineralogical characterization of CV2BE (XRD pattern is based on 10
diffraction records using CoKo radiation). The insert shows the 060 diffractions
of clay minerals (after carbonates removal in NaOAc, using CuKa radiation)

CV3BE - buk sample
8000 060 diffraction

61.84 (1.499 A)ymontmoriionite

angle (°20)

Fig. 5.3 - Mineralogical characterization of CV3BE (XRD pattern is based on 10
diffraction records using CoKa radiation). The insert shows 060 diffractions of
the clay minerals (after carbonates removal in NaOAc, using CuKa radiation)
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HAJBE - bulk sample

8000 - 060 difraction

7000 - 1200, 61.79 (1.500 A) montmorSionie + iille
q 1000

6000 - 8001 62.61(1.482 A) kaolnie|
4 00,

5000 ~
- ‘w‘

% ‘m - 2004

4 V gco Y] ) <) 64
] g

o hd L § hd L hd L | v L ] L] v v
10 20 0 40 50 60 70
angle (°20)

Fig. 5.4 - Mineralogical characterization of HAJBE (XRD pattern is based on 10
diffraction records using CoKa radiation). The insert shows 060 diffractions of
clay minerals (after carbonates removal in NaOAc, using CuKa radiation)

060 difraction
2 1 61.78 (1.500 A)
8000 montmoriionie
. 62.25 (1.400 A)
ksolinke

6000 -

L8888

21
2
'S

(1]

2000 o

angle (°29)

Fig. 5.5 - Mineralogical characterization of STSTBE (XRD pattern is based on 10
diffraction records using CoKa radiation). The insert shows 060 diffractions of
clay minerals (after size separation, using CuKa radiation)
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10000
4 0860 diffraction
9000 -~
4 2000
- 1800
8000 61.97 (1.496 A) e

angle (°20)

Fig. 5.6 - Mineralogical characterization of Illite Fiiz (XRD pattern is based on 10
diffraction records using CoKa radiation). The insert shows 060 diffractions of
clay minerals (after size separation, using CuKa radiation)

MES82 - buk sample

080 difraction

8

50.90 (1.542 A) 082.33 (1488 A)
?

— 2883888

10 20 30 40 50 60 70
angle (°20)

Fig 5.7 - Mineralogical characterization of ME82 (XRD pattern is recorded using
CuKa radiation). The insert shows 060 diffractions of clay minerals (after
carbonates removal in NaOAc, using CuKo. radiation)
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Clay fractions were collected by sedimentation in distilled water following the Stokes
law. The particles with sizes under 2 um were obtained. Samples containing carbonates
(siderite and calcite) were treated with acetic acid (CH;COOH) in sodium acetate buffer
(NaOAc - CH3;COONa/CH3COOH mixture) prior to the collection of the clay fraction.
Results of the carbonate removal and size separation are given in Table 5.2.
Corresponding diffraction patterns are depicted in Figs. 5.8 — 5.14.

Table 5.2 - The results of the removal strategy and size separation applied to
the clay samples

. Sample
Admixture CVIBE CV2BE CV3BE HAJBE STSTBE IlliteFiiz MES2
Smectite + + + + +

2 Illite + ? ? ?

O Kaolinite + + + + +
Mix. m. + +
Quartz lowered lowered removed lowered lowered removed

> Anatase + + + + +

o Siderite removed removed removed

§ Calcite removed removed

< Feldspar ?2(removed)
Hematite removed

CV1BE - size separation, CO’ removal in NaOAc

— bulk Sample 001 diffraction
1— fraction
T 9000
7000 - s
4 7500{ ©6.86 (14.98 angstrom)
6000 - 6000 8.28 (12.40 angetrom)
T 4500
5000 -
% ' 3000
4000 ég 1500
. 8 10 11 12
3000
2000 -
1000 ~
0 v v L] L} L ) L J v 1 ]
10 20 30 40 S0 60 70 80
angle (“20)

Fig. 5.8 - Result of CV1BE size separation and chemical treatment
(diffractograms are accumulations of 10 diffraction patterns, CoKa radiation).
The zoom shows an influence of the treatment on 001 diffraction
(replacement of the original M** by Na*)
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CV2BE - size separation, CO; removal in NaOAc

10000 | bulk sample 001 difraction
{—ciay fraction

6.79 (15.10 angstrom)

8.58 (12.00 angstrom)

:
EERERE

8§ % 10 11 12

angle (°20)

Fig. 5.9 - Result CV2BE size separation and chemical treatment (diffractograms are
accumulations of 10 diffraction patterns, CoKa radiation). The zoom shows an
influence of the treatment on 001 diffraction (replacement of the original M** by Na*)

CV3BE - size separation, CO; removal in NaOAc

s bulk SaMPle 001 diffraction
~— clay fraction

6.96 (14.96 angerom)

8.28 (12.38 angstrom)

§gEEBEERE

4 § 6 7 8 9 10 11 12

angle (°29)

Fig. 5.10 - Result of CV3BE size separation and chemical treatment (diffractograms are
accumulations of 10 diffraction patterns, CoKa radiation). The zoom shows an
influence of the treatment on 001 diffraction (replacement of the original M>* by Na*)
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HAJBE - size separation, CO; removal in NaOAc

— bulk sample 001 difraction
60000 | — clay fraction

8.21 (12.50 angstrom)

9 6.2 (14.82 angstrom)

2

angle (°20)

Fig. 5.11 - Results of HAJBE size separation and chemical treatment (diffractograms
are accumulations of 10 diffraction patterns,CoKa radiation). The zoom shows an
influence of the treatment on 001 diffraction (replacement of the original M>* by Na*)

20000 STSTBE - size separation
{—— buk sample 001 difraction
18000 -{ —— clay fraction
16000 4
14000 < E
12000 4
§ 10000 4
m: s 4 § €6 7 8 9 10 11 12
6000 - gi g
4000 < i
L M“ A o P VN
2000
o | | v ¥ L J L v d ) |
10 20 30 40 50 60 70 80
angle (°20)

Fig. 5.12 - Result STSTBE size separation (diffractograms are accumulations of 10
diffraction patterns, CoKa radiation). The zoom shows the 001 diffractions
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10000 ilite FOZ - size separation

{ ——Dbuk sampie 001 difraction
9000 4 — ciay fraction
8000 4 S 4500 9.62 (10.67 angstrom)
4 37%0
7000 = § 3000
1 2250 9.48y 10.83 angstrom)
] g
- 1m
§ 5000 750
1000: < o 10 11 12 13 14
3000 - i
g

2000 4
1000 -
Y L Ll Ll v L} v v v )
10 20 30 40 50 60 70 80

angle (°20)

Fig. 5.13 - Result of Illite Fiiz size separation (diffractograms are accumulations of 10
diffraction patterns, CoKa radiation). The zoom shows the 001 diffractions

MES?2 - size separation, CO’ removal in NaOAc

~—buk sample 001 diffraction
— clgy fraction

"
|

ge o M

d-value (angstroms)

Fig.5.14 - Result of MES?2 size separation and chemical treatment (clay fraction pattern
is accumulation of 10 diffraction patterns, CoKa radiation, single diffraction pattern
presents bulk sample diffractogram, CuKa raditation)
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5.2.1. Characterization of bentonites

According to the 060 diffractions (inserts in the bulk sample diffractograms of
appropriate samples) smectites can be classified as montmorillonites. The position of
montmorillonite 060 diffraction varies from 1.492 to 1.504 A because of variable AI**,
Fe**, Fe**, Mg?* content in octahedral sheet. Further characterization, using the
ethylene-glycol expandability, Green-Kelly tests and FTIR spectroscopy is necessary.

5.2.1.1. X-ray diffraction

Diffractograms of expandability tests are shown in Fig. 5.15 — 5.19. The results of
Green-Kelly tests are given in Figs. 5.20, 5.21, 5.24 and 5.25.

4500 CV1BE - expandability test, ethylene-glycol saturation
oriented specimen 001 diffraction
4000 o~ 0- specimen, EG saturated

$.28 (16.81 angstrom)
$.83 (15.17 angetrom)

SERERER

s 10 15 20 25 30 as 40
angle ("260)

Fig. 5.15 - The ethylene-glycol expandability test of CV1BE (the XRD patterns of
oriented porous ceramics specimen prepared under low pressure, CuKa radiation), the
insert describes the 001 diffraction positions
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3500 CV2BE - expandabilty test, ethylene-glycol saturation
— Orignted specimen 001 difraction
o.specimen, EG solvated

3000 -
37%04
1 3000 5.16 (17.13 angswom)
2500 230] 5.88 (15.02 angetrom)

M
L] v L4 v

T v
5 10 15 20 25 30 as 40
angle (°20)

Fig. 5.16 - The ethylene-glycol expandability test of CV2BE (the XRD patterns of
oriented on porous ceramics specimen prepared under low pressure, CuKa radiation),
the insert describes the 001 diffraction positions

4000 CV3BE - expandabilty test, ethylene-glycol saturation
= orlented specimen 001 difraction
o.specimen, EG soivated

5.17 (17.10 angstrom)
5.83 (15.14 angstrom)

s§88HEE8

Fig. 5.17 - The ethylene-glycol expandability test of CV3BE (the XRD patterns of
oriented porous ceramics specimen prepared under low pressure, CuKa radiation), the
insert describes the 001 diffraction positions
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4000 HAJBE - expandability test, ethylene-glycol saturation
4 = oriented specimen 001 difraction

£.23 (16.90 angswom)
5.08 (15.08 angetrom)

:
111

-

counts
g

N 1 "~

<588

- T h v
5 10 15 20 25 30 35 0
angle (°2¢)

Fig. 5.18 - The ethylene-glycol expandability test of HAJBE (the XRD patterns of
oriented porous ceramics specimen prepared under low pressure, CuKa radiation), the
insert describes the 001 diffraction positions

3500 STSTBE - expandability test, ethylene-glycol saturation
e OfiONt0d SPOCIMON

1—0. specimen, EG saturated

3000 -

5.24 (16.87 angstrom)

-§88888¢

angle (°20)

Fig. 5.19 - The ethylene-glycol expandability test of STSTBE (the XRD patterns of
oriented porous ceramics specimen prepared under low pressure, CuKa radiation), the
insert describes the 001 diffraction positions
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CV1BE - Green-Kelly test
e Li, Oriented specimen
J— i o. spec.. heatad 10 300°C 001 diffraction
— Li, 0. spec.. 300°C, EG

21683 +16.70A

280 15 10 5
d-value (angstroms)

Fig.5.20 - The Green-Kelly test of CV1BE (the XRD patterns of oriented glass slide
specimen, clay-fraction, CuKa and CoKa radiation), the insert describes the 001
diffraction positions

— Lj, Oriented specimen 001 difraction
1 =i, 0. spec., heated to 300°C
12000 4 — Ui, 0. spec., 300°C, EG

14000
] 120001
10000 10000 1255A
- 000 ] 965A

] 8000 = 6000 { 9.38A
g 4000
8000 2000
0

4 § 6 7 8 9 10 1 12

5 10 15 20 25 30 35 40
angle (°20)

Fig. 5.21 - The Green-Kelly test of CV2BE (the XRD patterns oriented glass slide
specimen, clay-fraction, CuKa radiation), the insert describes the 001 diffraction
positions
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With the CVIBE sample only a partial re-expansion is attained. This conclusion is
supported by the presence of diffraction in the region 9 — 10 °20, which is also
observable in the diffraction patterns of Li" saturated STx-1 montmorillonite heated to a
lower temperature (200, 250 °C) and then saturated with ethylene-glycol (Fig. 5.22).
Therefore, the CV1BE shows at 300 °C only a non-complete loose of expandability
similar to STx-1 reference montmorillonite at 200 °C (see Fig. 5.23). The extent of
lithium migration is higher with the CV2BE sample. Green-Kelly test of CV3BE is not
shown because homoionic form preparation failed but the same genetic origin suggests
the same result as in CV1BE and CV2BE case.

24000 Montmorillonite STx-1 - reexpansion after heating
{—Li, o. spec., 100°C, EG

22000 o ——Li, 0. spec., 150°C, EG collapse of interiayer space
“"""U.O.W..ZW‘C.EG 3500

20000 | L, 0. spec.. 250°C, EG 00

1mq—u.o.spoc..300’C.EG -

16000 2000
1 1500

14000-. 1000

12000 $00

10000 = 913450109101112

angle (°29)

Fig.5.22 - The Green-Kelly test of STx-1 sample performed after different heating
temperatures (the XRD patterns of glass slide oriented specimens, CuKa radiation), the
insert describes the 001 diffraction positions
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55000 Green-Kelly test of CV1BE and STx-1, comparison

——Li CVIBE, 300°C, EG
50000 —Li STx-1, 200°C. EG
—Li STx-1, 300°C. EG

o L L L B AL L v L J v )

242220 18 16 14 12 10 ) 8
d-value (angstroms)

Fig. 5.23 - Comparison of Green-Kelly test results of CV1Be and STx-1 (the XRD
patterns of glass slide and porous ceramics oriented specimens, CuKa and CoKa
radiation), the insert describes the 001 diffraction positions

HAJBE - Green-Kelly test
—— Ui, oriented specimen
1= Ui, 0. spec.. heated to 300°C 001 dfiraction
—— Ui, 0. spec., 300°C, EG

900001  47.15A
1 75000
i/ -
- 45000 983A
1 30000 1251 A

15000

0 . .

“ 242118 185 12 9

RERERERNE

22015 10 5
d-value (angstroms)

Fig. 5.24 - The Green-Kelly test of HAJBE sample (the XRD patterns of glass slide
oriented specimen, clay-fraction, CuKa and CoKa radiation), the insert describes the
001 diffraction positions
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STSTBE (1908) - Green-Kelly test

24000 - = Li, oriented specimen 001 difraction
4 —Lg.o.apoa.mmwaoo'c
21000 —LI. 0. specC., mc. EG 24500+

17.11A

Y
o
QD =

10 12 14 16 18 20
angle (°20)

Fig 5.25 - The Green-Kelly test of STSTBE sample (the XRD patterns were collected
using oriented specimen of clay-fraction sample prepared on a glass slide and CuKa
radiation), the insert describes the 001 diffraction positions

The results of smectite characterization of bentonite collected samples are summed up
in Table 5.3. All the smectites are expandable and no vermiculites or chlorites are
present in the samples. The ratio of 002 and 003 diffractions of EG saturated specimens
equal approximately unity which indicates a smectite with Al occupation with partial
substitution by Fe in the octahedral sheet.

Table 5.3 - Characterization of smectite in collected bentonites

Sample (d-values)

Test CVIBE CV2BE CV3BE HAJBE STSTBE

15.17 — 15.02 — 15.15 — 15.06 — 15.08 —
EG-expandability 16.81 A 17.13 A 17.10A 16.90 A 16.87 A

test expandable expandable expandable expandable expandable
EG-expandability =1 =1 =1 =1 =1

test moderate Fe moderate Fe moderate Fe moderate Fe moderate Fe
002/003 EG ratio  content content content content content
Green-Kelly test

(300°C heated t016.70A t09.38A t017.15A t017.11A
samples, partial charge no charge no charge
EG reexpansion) charge red. reduced reduction reduction

The result of the Green-Kelly test for CV is disputable. The re-expansion compared to
re-expansion of STx-1 (reference montmorillonite, Fig 5.22) at different temperatures is
similar. It seems that heating to 300 °C is insufficient for CV. The CV structures can be
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characterized as montmorillonites with a moderate content of Fe. The reason for
retardation of Li* migration is unclear. The Green-Kelly test of HAJBE and STSTBE is
negative, no charge reduction was attained and re-expansion is full. The 060 diffraction,
the 002/0003 EG ratio and the Green-Kelly test characterize the samples as ferruginous
smectites.

5.2.1.2. FTIR spectroscopy

The FTIR spectroscopy was applied in order to investigate crystalo-chemical
composition of the octahedral sheet. The spectroscopy was performed in the
transmission mode in the MID region (4000 — 400 cm™), using KBr pellets. The whole
spectra with the region of interest marked are reported in Fig. 5.26.

Admixtures indicated in the spectra:
— Kaolinite: is clearly observable in CVIBE, CV2BE and STSTBE samples due to
its characteristic vibration at 3697 cm™ (Fig. 5.27)
— Quartz: provides a double peak in the spectra of CVIBE and STSTBE, at 800
and 780 cm™. (Fig. 5.28)

The chemical composition of the octahedral sheet is similar for all samples. The
structure is rich in AI** substituted by Fe** (see Fig. 5.28 and Table 5.4 pp.94). None of
the spectra displays FeFeOH vibration at 815 cm™ which is characteristic for
nontronites. According to the position of OH bending vibrations, all the samples can be
characterized as Fe-montmorillonites.'®

FTIR spectra of clay samples

0.77 4 —CV1BE
J—Cva2BE ,
OJO_-———CNQBE bending region

0.63 +

-

0.56

— STSTBE

0.49 <
042 <

0.35 4

Q&

0.28

0.21 4

0,14 4

4000 3500 3000 2500 2000
wavelength (cm™)

Fig. 5.26 - The FTIR spectra of clay samples, MID region, 4000 — 400 cm’,
transmission mode using KBr pellets
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1
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0.50

FTIR spectra of clay samples, stretching region
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Fig. 5.27 - The zoom of FTIR spectra, stretching region of clay samples

FTIR spectra of clay samples, bending region
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Fig. 5.28 - The zoom of FTIR spectra, bending region of clay samples,
comparison with montmorillonite STx-1 and nontronite NAu-2 reference

samples
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5.2.2. lllite Fiiz sample characterization

The expandability test was performed using ethylene-glycol saturation. The patterns are
shown in Fig. 5.29. The 001 diffraction at 10.73 A splits to “double-peak” diffraction
with maxima at higher and lower d values than the original diffraction indicating a
mixed-layered structure. The expandable part of the structure creates 001/004*-EG
diffraction at 11.1 A, thus proving expandability and indicating that the expandable part
is smectite. A comparison with the R3 1(0.9)/S XRD diffraction pattern (in Moore and
Reynolds 1997°) leads to the conclusion that the structure has the R3 ordering.

Ilite FOz - expandability test, ethylene-glycol saturation

1 oriented specimen 001 difraction
3200 <4 0. specimen, EG saturated

4 2000
2800 8.23 (10.73 angetrom)
d 1500
7.8
2400 - 1000 (11.10 angetrom) | | 9.22 (9.60 angstrom)
8 2000 4
§ 1600

4 5 6 7 8 9 10 11 13

angle (°20)

Fig. 5.29 - The ethylene-glycol expandability test of Illite Fiiz (the XRD
patterns of oriented porous ceramics specimen prepared under low pressure,
CuKa radiation)

5.2.3. ME82 sample characterization

The expandability test applied to the chemically untreated sample (Fig. 5.30) shows
expansion of phases at 20.6 A and 10 A respectively. It indicates the presence of two
different mixed-layered structures both with expandable component. One has R3
ordering (similar to Illite Fiiz) and one R1 ordering showing 001* superstructural
diffraction at 20.6 A.
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angle (°29)

Fig. 5.30 - The ethylene-glycol expandability test of ME82, chemically
untreated sample (the XRD patterns of glass slide oriented specimen,
CuKa radiation)

MES2 - CO; removed in NaOAC, expandabilty test with EG
—— OrioNted specimen
5000 4 — 0. specimen, EG satursted

001 difraction

348(2557A)
368(2398 A)

7.65(11.55A)
674(13.11 A)

953 (9.28A)

§ 10 185 20 25 30 35 40 45 50
angle (°20)

Fig. 5.31 - The ethylene-glycol expandability test of ME82, chemically treated
sample (the XRD patterns of oriented porous ceramics specimen prepared under
low pressure, CuKa radiation)

96



The same test applied to the chemically treated sample (Fig. 5.31) shows a complete
shift of the 001* diffraction towards higher d values, from 24 to 25.6 A. This expansion
excludes chlorite as a component of the mixed-layered structure. Vermiculite is more
probable expandable component instead of smectite. The presence of regular Rl
illite/vermiculite structure should be proved by further tests.

The sample was treated with a magnesium chloride solution in order to obtain Mg?*
homoionic form and EG saturated. The result is shown in Fig. 5.32.

MES2 - expandability test, Mg”* and EG saturation

6750 4 —— Mg, 0. specimen
{——Mg. 0. specimen, EG
6000 o —— Mg, 0. specimen, 300°C

45004 3.35(26.36A)-001 664 (13.31A)-002
1 [3.60(24.54 A) - 001 7.24 (12.20 A) - 002
3.84 (23.00 A) - 001

8.12(10.88 A) - 002

9.82 (9.00 A) - 003

L B MR DAL )
3 4 5 6 7 8 9 1 1 12 13 14
angle (°29)

Fig.5.32 - The ethylene-glycol expandability test of ME82, chemically treated,
Mg** saturated sample (the XRD patterns of porous ceramics oriented specimen
prepared under low pressure, CuKa radiation)

The XRD pattern of the EG saturated Mg**-ME82 sample confirms the presence of
vermiculite layers. The other component is a mica layer (illite). After Mg®* saturation,
the 001* diffraction lies at 24.54 A which is the sum of the 10 A layer and the 14.4 A
Mg**-vermiculite layer. The EG saturation shifts 001* diffraction to 26.36 A. The
resistence of vermiculite interlayer after heating to 300 °C, position at 13 A (23 A 001*
diffraction is summ of 10 A illite layer and 13 A vermiculite layer), is in a good
agreemnet with the fact that Mg-vermiculites dehydrates at higher temperatures than
smectites.'!

The clay fraction was further saturated with potassium chloride solution. The
001 diffraction collapsed to 22.6 A and an expansion to 26 A (26.1 A) was observed
after EG saturation. The saturation with dimethylsulfoxide (DMSQO) was more
important. The 001 diffraction of kaolinite shifted to 11.2 A and revealed remaining
diffraction at of 7.14 A which might point to chlorite (Fig. 5.33).
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2250 43.15 (28.02 A) A
i~
2000 3.39 (26.08 A) e 2
3| &
1750 8.19(1428A) |<| e 9.21 (9.60A)
§ 1500 2
3.91 (2257 A)

9.25 (9.55 A)

.80 (12.98 A)

1230 (7. 14 A)

angle (°26)

Fig. 5.33 - Investigation of ME82, K+ saturated sample (the XRD patterns of
porous ceramics oriented specimen prepared under low pressure,

CuKa radiation)
5000 MES2 - investigation |l
] =K, 0. specimen
45004 ——K, 0. specimen, 300°C
4 ——K o. specimen, 550°C
4000 <
3500 -
3000 - 8.13(10.87 A)
§ 2500 - 8.78 (10.08 A)
1391 (257A ) _
2000 - { ) 8.80 (10.04 A)
) 4.16 (21.23 A)
1500
1000 <
=
500 2
o

angle (°20)

Fig. 5.34 - Investigation of ME82, K+ saturated sample (the XRD patterns of on
porous ceramics oriented specimen prepared under low pressure,
CuKa radiation)
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The results of heating procedures are depicted in Fig.5.34. Heating of K saturated
sample to 300 °C should cause a collapse of the vermiculite interlayer space to 10 A
while heating to 550 °C preserves the chlorite structure and transforms kaolinite into an
amporphous phase.® Heating to 300 °C colapsed 001* diffraction of the mixed-layered
structure to 21.23 A (10 + 11.23 A) which might be caused by incomplete exchange of
the interlayer space. Heating to 550 °C caused disappearance of the 7.14 A diffraction;
therefore no chlorite is present.

5.2.4. Conclusion of collected clays characterization

All CVBE smectites can be characterized as montmorillonites with a moderate iron
content in the octahedral sheet (according to 060 diffraction, 002/0003 EG ratio and
loose of expansion during the Green-Kelly test). The mixed-layered structures were
characterized. The Illite Fiiz was described as 1(0.9)/S with R3. This structure is
probably resulting from weathering of illite where K* ions have been replaced by a
divalent cation. The same mixed-layered structure is present also in ME82 kaoline.
Besides this, a mica/vermiculite mixed-layered mineral is present. The positions of
superstructural diffractions reveal a R1 mica(0.5)/vermiculite structure. Comparison
with the diffraction pattern of hydrobiotite (Moore and Raynolds, 1997) and performed
tests confirm the R1 mica(0.5)/vermiculite structure. Summation is given in the
Table 5.5.

Table 5.5 - Characterization of collected clays

Sample
CVIBE CV2BE CV3BE HAJBE STSTBE IlliteFiiz MES2
Removable calcite  siderite  calcite quartz none feldspar quartz
admixtures siderite )] siderite
hematite
Quartz in clay + + ) ) + + i
fraction
Fe- Fe- Fe- Fe- Fe-
Smectite montmo- montmo- montmo- montmo- montmo-
rillonite rillonite rillonite  rillonite  rillonite
teG1s'c:en-Ke11y partial + %) ) )
R3 R1
Mixed-layered 10.9y8 mu;a/V
structure R3
mica/S
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5.3. Homoionic Rokle samples characterization

Mineralogical characterization of clay-fraction homoionic samples is depicted in the
Fig 5.35. All of the samples contain kaolinite and anatase admixtures.

Mineralogical characterization, homoionic forms of DR

22000 < — CaDR
4
——MgDR
20000 { DR
18000 w—— LiDR
16000 <
14000 <
o 12000 4
e 1
3 10000 4
S . =
8000 -
6000 -
.: “m—;
A
2000 1 \u= ! W ~—
0 « AN-‘
Li v T | 1 | J v ] v
5 10 15 20 25 30 35
angle (°20)

Fig. 5.35 - XRD diffraction patterns, oriented specimens of homoionic forms,
prepared by suspension drying under laboratory conditions

The samples were further investigated using HTXRD (high temperature XRD,
measured during in-situ heating). The 001 region of the data collected is shown in
Figs. 5.36 — 5.39. The process of dehydration was evaluated by diffraction
deconvolution using the Origin Pro PFM module. The position, height and full width in
half maximum (FWHM) was examined. A ratio of diffraction height and FWHM was
taken as a descriptor of the diffraction shape. A maximum value is reached when the
diffraction is high and narrow — the structure is well defined. A minimum value is
reached when the diffraction is low and wide and structural changes occur.
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Fig. 5.37 - HTXRD scan of Mg-homoionic form of DR
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Fig. 5.39 - HTXRD scan of Li-homoionic form of DR
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The results of 001 diffraction analysis are summed up in Figs. 5.40 and 5.41. The
samples are separated into two groups. Monovalent-interlayer-cation samples dehydrate
in one step within a 50 — 60 °C temperature interval. No further structural changes are
observable after dehydration; the properties of 001 diffraction remain unchanged. The
sodium sample dehydrates rapidly; the lithium sample dehydrates over a wider
temperature interval (due to an inhomogeneous interlayer space occupation). Divalent-
interlayer-cation samples show two dehydration steps. The first hydration shell is
released over a 70 — 90 °C temperature interval, the remaining second hydration shell is
released over a 110 — 135 °C interval. Reconstitution of the structure after dehydration
is slow. The Mg?" form exhibits higher thermo-resistance in comparison with the Ca?*
form (dehydration is shifted about 20 °C to higher temperatures).

30000 HTXRD, diffraction shape, homoionic form DR

27000
24000
21000
18000

15000

heightfwhm

o4+—rr—1rr———r—r—r—r—r—————r——

30 60 90 120 150 180 210 240 270 300
temperature (°C)

Fig. 5.40 - The results of deconvolution, evaluation of 001 diffraction shape

The analysis of 001 diffraction d-value is less informative, the first dehydration step is
not observable, only the final collapse of the structure can be seen (Fig. 5.41). The
structures with divalent cations collapse to approximately 10 A, those with monovalent
cations collapse to 10.4 A. The results of dehydration are summarized in Table 5.6.
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HTXRD, diffraction position, homoionic forms of DR

15,0
— CaDR
14.5 —— MgDR
——NaDR
14,0 4 —LOR

d (angstrom)

T
240 270 300

v v

180 21'0
temperature (°C)

—T T
30 60 90 120 150

Fig. 5.41 - Result of deconvolution, evaluation of the 001 diffraction position

Table 5.6 - A comparison of dehydration temperatures
according to the diffraction evaluation

Temperature (°C)

Sample Diffraction shape  Diffraction position
(interval of 001 shift) (ill-defined structure)

CaDR 95-100 110
MgDR 125-130 135
NaDR 45-50 50
LiDR 50-55 60

Conclusion on DBamples:

The fine-fractions of DR samples contain traces of illite, kaolinite and anatase.
Transformation to the homoionic form was not completed concerning sodium and
lithium form because of initial 001 diffracton position. The non-homogeneous interlayer
space occupation can be seen from LiDR dehydration process which is very broad.
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5.4. Cu-trien method

54.1. Reference samples
STx-1

For general overview of the results, location and scale estimates have been determined
and are shown in Table 5.7. Graphical evaluation of data dispersion was performed

using a box-plot (Fig. 5.42).

Table 5.7 - Estimates of the location and scale for the observation groups (sorted

according to supernatant acquisition and CEC calculation)

g
§ = S g Q - &
2 By 5§ 2 42 - B 3E
£ g 28 3 £ & £§ & § 3%
7 QO LBEm = = = a5 D > &
Cu 7500 7536 6594 8132 73.13 7653 1190 3.45
Centrifiged sum  79.88 79.07 73.08 87.80 76.95 8290 18.59 431
uv-vis 8029 79.93 74.69 89.67 77.01 82.30 1458 3.82
Cu 76.05 76.12 66.70 83.23 7501 7693 1294 3.60
Filtered sum 7652 7657 69.61 8279 7413 7844 1235 351
uv-vis 8120 8122 72.04 89.34 79.11 8393 17.11  4.14
CEC uwvis fitered 1 P}y
CEC sum filtered - —{
CEC Cufitered{ F {=} 4
CEC uwvis centrifuged 1 I—{ : l-—-l
CEC sum centrifuged { —{s }—
CEC Cu contrifiged { +——— = }——1
o Median
LB L] v LJ v B3 Ll Ll A J A4 L] L4 L 3”75*
B4 68 72 76 80 B4 88 925, o

CEC (meg/100g)

Fig. 5.42 - Box plot of CEC groups (according to supernatant acquisiton and

CEC calculation)
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The smallest dispersion between the lower and upper quartile was found for CECc,
(AAS measurement, consumption of Cu’"), where supernatant was obtained by
filtration. Centrifuged samples tend to exhibit asymmetric dispersion. Medians vary

within a narrow interval of CEC values.

Normality of data distribution:

The data were tested for normal distribution using a histogram (Fig. 5.43) and tested
with Kolmogorov-Smirnov and Shapiro-Wilks tests. The results are summarized in
Table 5.8. (Note: the result of testing is the p-value, the lowest probability level when
null hypothesis on normality of distribution is rejected. Common 5% lowest probability
level (p=0.05) is accepted, therefore, p values higher than 0.05 point to normal
distribution). None of the observation groups was found to be of other than normal
distribution using the two tests.

CEC Cu centrifuged CEC sum centrifuged CEC uv-vis centrifuged

O%6s 68 72 76 80 84 68 72 76 80 84 O 70 80 90
Fig. 5.43 - Histograms of observation groups (according to supernatant removal and
CEC calculation), the red line represents normal distribution

Table 5.8 - Results of normality testing, groups with rejected normality are

marked by grey colour
P-value
CEC Test Centrifuged Filtered
Kolmogorov-Smirnov >0.20
CECCu Shapiro-Wilks <0.06 ¥
CEC sum Kolmogorov-Smirnov <0.15 >0.20
Shapiro-Wilks s <0.31
CEC uv-vis Kolmogorov-Smirnov >0.20 >0.20
Shapiro-Wilks <0.08 <0.81

The influence of the addition and solution factors was inspected using multidimensional
ANOVA. The test results are shown in Table 5.9. The influence of addition, solution
and its interaction were found to be significant (except solution*addition interaction on
CECv.vis, filtered samples) concerning the resultant CEC.
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Table 5.9 - Multidimensional ANOVA (MANOVA) table, results of addition
and solution factors testing, p-values

MANOVA table Centrifuged samples Filtered samples
CEC CEC CEC CEC CEC CEC
(P-values) . .

Cu sum uv-vis Cu sum uv-vis

Solution 0.00 0.00 0.00 0.00 0.00 0.01

Addition 0.00 0.00 0.00 0.00 0.00 0.00

Interaction

solution*addition 0.00 0.03 0.00 0.00 0.00 0.73

Influence of the analytical method used (calculation of CEC) was inspected using
parametric and non-parametric tests. The results in the form of p-values are summarized
in Table 5.10. The analytical method was found to be significant concerning both the
ways of supernatant removal (Fig.5. 44).

Table 5.10 - Results of analytical method (calculation of CEC) influence

P-values
Test Type Centrifuged Filtered
samples samples
Kruskal-Wallis rank based  non-parametric 0.00 0.00
Median non-parametric 0.00 0.00
One way ANOVA parametric 0.00 0.00
Analytical method (CEC calculation), centrifuged Analytical method (CEC calculstion), filtered
(vertical ines show 96% confidence intervais) (vertical lines show 95% confidence intervais)
82 83
811 821
? 801 2 811
S 791 gw
781 791
g 77 g 78
76 h Q 77 r
@ 751 3 76
741 751
73 74

CECcu  CECsum CEC uv-vis CECcu  CECsum CEC uwvis

Fig. 5.44 - Investigation of analytical method (CEC calculation) influence on the results

For better resolution of differences in the results according to the analytical method
used, a multiple mutual comparison of p-values was performed using the
Kruskal-Wallis test. The results are shown in Table 5.11. In the case of centrifuged
samples, there were no differences found in the location and distribution function in
CECsum (AAS, sum of released ions) and CEC,y.yis (determined colorimetrically). In the
case of filtered samples, the CECc, (AAS, Cu comsumption) and CECsm were found to
be of the same location and distribution.
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Table 5.11 - Results of Kruskal-Wallis test, multiple mutual comparison
of p-values, detailed investigation of analytical method

(CEC caluculation) influence

Centrifuged Filtered
CEC CEC CEC CEC CEC CEC
Cu sum uv-vis Cu sum uv-vis
CECCu 0.00 0.00 1.00 0.00
CEC sum 0.00 1.00{ 1.00 0.00
CEC uv-vis 0.00 1.00 0.00 0.00

The influence of supernatant acquisition was investigated using parametric and
non-parametric tests. The results of testing are shown in Table 5.12. According to the
test results, there is no influence of supernatant acquisition concerning CEC¢, and
CECyy.vis- The sum of cations was found to be dependent by all the tests applied (see

also Fig.5.45).

Table 5.12 - Testing the supernatant acquisition influence

P-value
Test Type CEC CEC CEC
Cu uv-vis
Mann- Whitney U test  non-parametric 0.13
Kolmogorov-Smirnov  non-parametric >0.10
Wald-Wolfowitz non-parametric 0.48
One way ANOVA parametric 0.21
influsnce of supernatant acquisiton
(verticel Ines show 95% confidencs interveais)

83

82 4

Bl Tl e

m ) ad?

w771 .
O
76 4
75 1
74 1 CEC cu
=p= CEC sum
3 T CEC uwvis

Centrifugation

Filtration

Fig. 5.45 - Influence of supernatant acquisition on the CEC results
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SWy-2

Location and scale estimates for groups of observations (sorted according to the
supernatant acquisition and CEC calculation) were calculated and are shown in the
Table 5.13. The data dispersion was expressed graphically, using the box-plot shown in

Fig. 5.46.

Table 5.13 - Location and scale estimates for groups of observations (sorted according
to the supernatant acquisition and CEC calculation)

K
3 £, . § 0§ ., % s =g
5% 8 g £ BE 5 § 3%
2 o 85 3 £ & £§ & f§ %
7 O _wpa = 3 PRS- ) -
Cu 7315 7397 67.00 7819 7157 75.07 7.42 2.72
Centrifiged sum  96.89 97.87 88.77 10394 9294 10075 2159  4.65
uv-vis 7664 7676 7157 8074 7507 7892 7.01 265
Cu 7453 7514 67.99 8099 7207 7652 1164 3.4
Filtered sum 8624 8614 8037 9305 8495 8760 746 273
uv-vis 7874 7843 73.66 86.89 7502 8175 14.14 376
CEC uwvis filtered { =
CEC sum filtersd - —{o}—
CEC Cufitersd { —{_s}—1
CEC uwvis contrifuged { H{o H
CEC sum centrifuged - —
CEC Cu centrifuged 1 D—| 3—1
@ Median
L] L L] 2 LA LS L4 L s x%-?s*
65 70 75 80 85 90 95 100 105 110% ppunay

CEC (meg/100g)

Fig. 5.46 - Box plot of groups of observations (sorted according to the
supernatant acquisition and CEC calculation)

All CEC’s determined as the sum of the released cations are significantly different
concerning the location (median). The most symmetrical distribution (omitting CECgym)
seems to be exhibited by the CECc,, filtered samples.

109



Normality of the data distribution was investigated using histogram and statistical
testing (Kolmogorov-Smirnov and Shapiro-Wilks tests). The histograms are shown in
Fig. 5.47 and the results of statistical testing in the form of p-values can be seen in
Table 5.14. None of the observations was found by using the two tests to be of another
distribution.

CEC Cu centrifuged CEC sum centrifuged CEC uv-vis centrifuged

CEC Cu fitered CEC sum filtered

0
€6 70 74 78 82 78 82 86 90 04

Fig. 5.47 - Histograms of groups of observations (sorted according to supernatant
acquisiton and CEC calculation), red line represents normal distribution

72 76 80 84 88

Table 5.14 - Results of normality testing (cases with rejected normal
distribution are highlighted grey)

P- value
CEC Test Centrifuged Filtered

Kolmogorov-Smirnov >0.20 >0.20

CECCu  Shapiro-Wilks <037 <025
CEC sum Kolmogorov-Smirnov ‘ >0.20 >0.20
Shapiro-Wilks 5 . <0.16

. Kolmogorov-Smirnov >020 0
CECWVIS Shapiro-Wilks S

Influence of solution and addition factors and their interaction was perrfomed using
multidimensional ANOVA (MANOVA). The results are summarized in Table 5.15.
Both the factors were found to be significant (except for the addition in the case of
filtered samples calculating CECgym) as well as their interactions.
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Table 5.15 - Results of MANOVA, influence of solution and addition factors

MANOVA table Centrifuged samples Filtered samples
(p-values) CEC CEC CEC CEC CEC CEC
Cu sum uv-vis Cu sum uv-vis
Solution 0.00 0.00 0.00 0.00 0.00 0.00
Addition 0.00 0.00 0.00 0.00 0.75 0.00
Interaction
solution*addition 0.00 0.00 0.00 0.00 0.02 0.00

Influence of analytical method (calculation of CEC) was investigated by parametric and
non-parametric tests. The results of testing are shown in Table 5.16. Analytical method
(CEC calculation) has an influence on the results in both centrifuged and filtered groups
of samples (Fig. 5.48).

Table 5.16 - Results of analytical method (calculation of CEC) influence testing

Test Type P-values
Centrifuged _ Filtered
Kruskal-Wallis, rank based non-parametric 0.00 0.00
Median non-parametric 0.00 0.00
One way ANOVA parametric 0.00 0.00
Analytical method (CEC caiculation), centrifuged Analytical method (CEC calculation), filtered
samples samples
(vertical ines show §6% confidence intervels) (vertical lines show 85% confidence intervals)
100 88
86 -
~ 95 -
g g &1
s % T 82;
? 85 ? 804
3 E
~ 80 o 781
o u 76
O 754 © o4l
70 v v - 72 v v v
CEC cu CECsum CEC uwvis CEC cu CECsum CEC uwvis

Fig. 5.48 - Influence of analytical method (CEC calculation), sorted by
supernatant acquisition

For detailed inspection of analytical method influence, a multiple mutual comparison of
p-values using the Kruskal-Wallis test was employed. The results are shown in
Table 5.17. Testing revealed no similarity among groups of results. Each method
(CEC calculation) leads to a different result.
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Table 5.17 - Multiple mutual comparisons of p-values of Kruskal-Wallis test,
detailed inspection of analytical method (CEC calculation) influence

Centrifuged Filtered
CEC CEC CEC CEC CEC CEC
(p-values) . .
Cu sum  uv-vis Cu sum  uv-vis
CECCu 0.00 0.00 0.00 0.01
CEC sum 0.00 0.00 0.00 0.00
CEC uv-vis 0.00 0.00 0.01 0.00

Testing of supernatant acquisiton influence was performed using parametric and
non-parametric tests. The results are shown in Table 5.18. Considering the
non-parametric tests in all the CEC calculated, the influence of supernatant acquisition
is significant (see Fig. 5.49).

Table 5.18 - Testing the supernatant acquisition influence

P-value
Test Type CEC CEC CEC
Cu sum  uv-vis

Mann- Whitney U test non-parametric
Kolmogorov-Smirnov non-parametric
Wald-Wolfowitz non-parametric
One way ANOVA parametric

influence of supematant acquisition
(vertical inss show 95% confidence intervais)
100
s < I~ b .
>
* L
L)
90 1 “o

CEC (meg/100g)
&
4

75 4 i
_-E - CEC cu
0 = CEC sum
v v TF= CEC uvvi
Centrifugation Filtration 3z CEC uvvis

Fig. 5.49 - Influence of supernatant acquisition on CEC results
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Summary:

All the standards and the groups of observations were found by both the normality tests
to be normal (nevertheless non-parametric testing is stressed). Measurement of
standards showed:
— Addition and solution factors and their interaction have influence on the CEC
result
— Chosen analytical method (CEC calculation) has an influence on the CEC
results, STx-1 showed similarity of CECgm and CEC,.is concerning
centrifuged samples and CEC¢, and CECg,n concerning filtered samples,
SWy-2 did not show any similarities
— Supernatant acquisition was found to be significant in the case of CECyym of
STx-1 sample and in all the cases concerning SWy-2 sample

Filtration generally causes lowering of CECy,, and a slight increase in CECc, and
CEC,yv.vis- A significant difference in the CEC values was found for the SWy-2 sample
where CECsum is significantly higher amongst other CEC values. Dissolution of calcite
admixture is supposed. Higher scattering of SWy-2 sample compared with STx-1 is
probably caused by the monovalent Na™ cation being exchanged for divalent Cu’*.
(Note: the small number of results lowers the reliability of statistical testing. Faster
filtration procedure and a lower significance of released cations (risk of contamination
by admixture dissolution, dificulties in homoionic form preparation) led to the
application of filtration in investigastigation of CEC for homoionic DR samples.

5.4.2. Homoionic DR samples

Location and scale destriptions were calculated and are shown in Table 5.19.

Table 5.19 - Location and scale estimates of homoionic DR observations

- 2
fo s § é g- g 8 T
E o 88 £ £ = 9 g 8 S
¢ H o 2 S g 3 Q e 8 §3
= @) g = = = = jon) > (770
Cu 71.82 7146 6256 9188 66.63 74.15 45.81 6.77
né Ca 6288 64.15 56.16 72.04 58.55 6534 17.80 422
Q) uv-vis 7177 7213 65.78 7722 69.54 73.71 9.15 3.03
o Cu 71.82 7273 6145 83.78 6756 7538 34.15 5.84
% Mg 61.07 59.76 54.65 7205 56.56 6435 27.29 5.22
S uv-vis 7289 71.09 6526 89.78 69.30 77.02 27.17 5.21
Cu 72.88 70.67 63.65 89.61 6762 7659 52.61 7.25
né Na 4698 4648 44.13 50.83 45.73 48.61 3.58 1.89
Z  uv-vis 75.86 74.56 64.73 10026 68.81 78.88  83.66 9.15
Cu 77.07 77.10 68.76 91.70 73.62 79.49 24.30 4.93
g Li 51.05 51.01 49.76 5335 5044 51.38 0.56 0.75
3 _uv-vis 7846 7543 71.81 98.87 73.31 82.65 43.41 6.59
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Fig. 5.50 - Box plot of homoionic DR samples observation

Data dispersion was observed using box plot (Fig. 5.50). Medians of CEC calculated
from released interlayer cation deviates towards lower CEC value in the order,
Ca®*>Mg?*>Li*>Na"*. Dispersion of CECy, and CECy; is influenced by the lower
number of measurements.

Normality of data distributions was inspected using histogram (Fig 5.51) and statistical
tests. Table 5.20 summarizes the results of testing. None of the groups of homoionic
samples observed (sorted according to homoionic form and the analytical method
(CEC calculation)) was confirmed by both the tests to be of different than normal
distribution. Non-parametric testing should be stressed.
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Fig. 5.51 - Histograms of homoionic DR samples (sorted according to homoionic form
and calculated CEC)

Table 5.20 - Testing the normality of distribution, homoionic DR samples, sorted
according to the analytical method (CEC calculation), table contains p-values

Homoionic Test CEC

form Cu M uv-vis

CaDR Kolmogorov-Smirnov.  >020 >0.20 >0.20
Shapiro-Wilks <0.35
Kolmogorov-Smirnov > 0.20 <0.15

MgDR

8% Shapiro-Wilks <0.36

Kolmogorov-Smirnov >0.20

NaDR
Shapiro-Wilks

LiDR Kolmogorov-Smirnov.  >0.20 >0.20 <0.15
Shapiro-Wilks <0.08 <0.11

The influence of addition and solution factors and their interaction was observed
applying multidimensional ANOVA (MANOVA). The results of MANOVA testing are

115



shown in Table 5.21. The influence of both the factors and their interaction were found
to be significant (except for addition in the case of CECy,). The influence of the
addition factor on CEC is shown in Fig. 5.52 and points to interesting relations in
CECwmg and CEC,y.vis of NaDR and LiDR samples (Fig.5.53, 5.54 and 5.55). Increasing
concentration of free trien and addition of the stock solution increases the results for
CEC,v.vis of monovalent cations. Magnesium is released in proportion to the addition of
the stock solution. The release of Mg®" is inversely proportional to the increasing
concentration of free trien in the stock solution.

Table 5.21 - MANOVA table, statistical testing of solution and addition factors
(sorted according to the homoionic form and analytical method -CEC calculation)

P-values
Homoionic . .. Interaction

form CEC Solution Addition solution*addition
CEC Cu 0.00 0.00 0.00

CaDR CECCa 0.00 0.00 0.00
CEC uv-vis 0.00 0.00 0.00

CEC Cu 0.00 0.00 0.00

MgDR CEC Mg 0.00 0.00 0.00
CEC uv-vis 0.00 0.00 0.00

CECCu 0.00 0.00 0.00

NaDR CECNa 0.00 0.23 0.03
CEC uv-vis 0.00 0.00 0.00

CEC Cu 0.00 0.00 0.00

LiDR  CECLi 0.00 0.02 0.00
CEC uv-vis 0.00 0.00 0.00

(veriicel inss show 85% confidencs intervais)
CsDR MgOR NaDR DR

n.c"p" ...0"

o 8 %2 8 %
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CEC (meqN00g)

A A A A
ke

i 8-0-¢o-p
B.0-> O
1 9 1 CEC Cu
CECM .
& 10 14 6 10 14 6 10 14 & 10 4 2= CECUwvs
addition of stock solution (ml)
Fig. 5.52 - Inluence of addition factor on CEC values
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Fig. 5.53 - Interaction of solution and addition factors in MgDR sample,
group of CECMg observations

NaDR: CEC uwvis
(vertical Inss show 95% confidencs intervais)
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Fig. 5.54 - Interaction of solution and addition factors in NaDR sample,
group of CEC,.yis observations
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Fig. 5.55 - Interaction of solution and addition factors in LiDR sample,
group of CECuv-vis observations

The influence of the analytical method (CEC calculation) on the results was tested with
parametric and non-parametric tests and in all cases was found to be significant
(Table 5.22). For better resolution of relations within the homoionic form groups a
multiple mutual comparisons of p-values was performed using the Kruskal-Wallis test
(Tables 5.23, 5.24, 5.25, and 5.26). In all the cases, CECc, and CEC,,.yis were found to
yield similar results. The CEC determined from the released interlayer cations (Ca®*,
Mg?*, Na*, and Li") differed in all the cases.

Table 5.22 - Influence of analytical method (CEC calculation) on results (sorted
according to homoionic form)

P-value
CaDR MgDR NaDR LiDR
Kruskal-Wallis non-parametric 0.00 0.00 0.00 0.00
Median non-parametric 0.00 0.00 0.00 0.00
One-way ANOVA parametric 0.00 0.00 0.00 0.00

Test Type
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Table 5.23 - CaDR samples

CEC __CEC __CEC
Cu Ca uv-vis
CEC 0.00  1.00
Cu
CEC 0.00 0.00
Ca
CEC 1.00  0.00
uv-vis

Table 5.25 - NaDR samples

CEC CEC  CEC
Cu Na uv-vis
CEC 0.00 092
Cu
CEC
- 0.00 0.00
CEC 092 0.0
uv-vis

Table 5.24 - MgDR samples

CEC CEC CEC

Cu Mg  uv-vis
C(;EC 000  1.00
u
CEC
Vig 0.00 0.00
CEC 1 100 000
uv-vis

Table 5.26 - LiDR samples

CEC  cpcri CEC
Cu uv-vis
cgsc 0.00  1.00
u
CEC [ 400 0.00
Li
CEC | 100 000
uv-vis

Influence of ionic form on the CEC results according to the type of CEC calculated are
given below. In the group of CECc, observations, the Ca>*, Mg?* and Na* homoionic
forms are interchangeable (equivalent), no significant influence of form on CECc, was
found. The Li*-homoionic form significantly differs from the others. Conclusions come
from multiple mutual comparisons of p-values of the Kruskal-Wallis test (Table 5.27).

Table 5.27 — Multiple mutual comparison of p-values,
investigation of homoionic form influence on CECc,

P-values

Ca Mg

Ca

Mg 1.00
Na 1.00
Li 0.00

1.00

1.00
0.00

Li
1.00 0.00
1.00 0.00
0.00

0.00

Conclusions of multiple mutual p-values comparison can be seen inamong themselves

Fig. 5.56.
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Fig. 5.56 - Influence of homoionic form on CECc, values

CEC Cu (meg/100g)

Multiple mutual comparison of p-values (Kruskal-Wallis test) of CEC M*'revealed that
only CECc, and CECy; are similar. The CECy, and CECy; differ and they also differ
among themselves (see Table 5.28 and Fig. 5.57).

Table 5.28 - Multiple mutual comparison of p-values,
investigation of influence of homoionic form on CECy

P-values
Ca Mg Na Li
Ca 1.00 0.00 0.00
Mg 1.00 0.00 0.00
Na 0.00 0.00 0.01
Li 0.00 0.00 0.01

Multiple mutual comparison of CEC,,.,;s revealed decreasing similarity in the row
Ca’-Mg?*-Na*-Li" (Table 5.29). Situation is better understood from Fig. 5.58.

Table 5.29 - Multiple mutual comparison of p-values,
investigation of influence of homoionic form on CEC,y.vis

P-values
Ca Mg Na Li
Ca 1.00 0.22 0.00
Mg 1.00 0.93 0.00
Na 022 093 0.05
Li 0.00 0.00 0.05
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Fig. 5.57 - Investigation of homoionic form influence on CECy
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Fig. 5.58 - Investigation of homoionic form influence on CECy.vis

Summary:

Data dispersion of CECn, and CECLI is caused by the low number of observations.
None of the groups of observations was found to be of other than normal distribution.
Tests based on normality condition were of a lower significance and non-parametric
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tests were stressed. MANOVA confirmed influence of additon and solution factors
(except CECn, where addition was found to be negligible). An interaction of solution
and addition factors was found for CEC,..is of monovalent homoionic forms. The
CECyv.vis values were directly related to the concentration of free trien in the stock
solution and additon of stock solution. The release of magnesium is related negatively
to the free trien concentration in the stock solution and positively to the stock solution
addition.

In all homoionic groups the CEC¢, and CEC,,-vis were found to give the same results
and CECy to differ significantly. The influence of the interlayer cation on CEC showed
similar behaviour for CECc, and CECy.yis confirming their interchangeability. The
CECcy and CECyy.yis increase in the Ca>*<Mg**<Na*<Li" order.

5.5. Comparison of Cu-trien, ammonium acetate and AgTU
method

For comparison of Cu-trien, ammonium acetate and AgTU methods, the collected clays
were used. Characterization of samples revealed the presence of five smectite-rich
samples (CV1BE, CV2BE, CV3BE, HAJBE, STSTBE) and two samples of low
expandability containing partially expandable structures (Illite Fiiz and ME82). The
selection itself is neither random nor homogeneous (bentonites prevail). The data
dispersion can be seen on a box plot (Fig. 5.59).The data distributions are most probably
of other than normal distribution. Normality testing is excluded and non-parametric
tests are stressed.

CEC AgTU{ } e

CEC NH4+{ }—— 8 f—

CEC Curtrien F-—— )

o Median

L 3 L 4 4 Ll LA B 3%75%

0 2 40 60 80 100 120 Mjgmn-Max
CEC (meg/100g)

Fig. 5.59 - Box plot, data dispersion of various methods for CEC determination
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The CEC results of collected clays, obtained using Cu-trien, ammonium acetate and
AgTU method are given in Fig. 5.60.

(vertical ines show 95% confidence intervais)

0 r—r—r—————————+—+
CSSSCSSSHBEEEES
8%%3%.5@5%83%5@ 3= CEC Cutrien
> 3;0;:" = E cECM

7¥: CEC AgTU
sample

Fig. 5.60 - Results of CEC determination, collected clays, carbonates removed
in all samples of CECnns” and CECagry and fine fractions of CECcy.trien
(note: f.f. means fine fraction of given sample)

Evaluation of influence of the method was performed using one parametric and two
non-parametric test (Table 5.30). All the tests revealed significance of the method used.
For finer resolution, the multiple mutual comparisons of p-values of Kruskal-Wallis test
were performed. No significant differences were found between Cu-trien method and
ammonium acetate method. The silver thiourea method differs from the two other
methods (see aslo Fig. 5.61).

Table 5.30 - Testing influence of method for
CEC determination

Test Type P-value

Kruskal-Wallis non-parametric 0.00
Median non-parametric 0.00
One-way ANOVA parametric 0.00

Table 5.31 - Multiple mutual comparison of
p-values, investigation of methods relations

CECcuien CECnua' CECagru

CECcutrien 0.85  0.00
CECnue 0.85 0.00
CEC agtu_ 0.00  0.00
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(verticel ines show 95% confidencs intervais)
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Fig. 5.61 - Comparison of different methods for CEC determination

- Summary:

Using seven natural samples and their fine fraction (14 samples), no signifficant
difference was found between CEC determined by Cu-trien and ammonium acetate. The
significantly different result of AgTU method originates from application of this method
(designed for soils) to bentonites. This is also confirmed by investigation of CEC of
samples with low contents of expandable structures (Illite Fiiz and MES2). In these
cases, the difference compared to the ammonium acetate result is significantly smaller
than in the case of bentonites.

5.6. Application of Rietveld method

A study of the Rietveld method application was performed in order to inspect a
possibility of caltulating the layer charge and comparison with CEC determined by
Cu-trien method. The Rietveld method was perfomed using RTS method for sample
preparation. The samples were measured using PANalytical X'PertPRO device with
X’Celerator detector (Faculty of Science, University of Zagreb) and evaluated using
X"Pert HighScore Plus equipped with a Rietveld fitting module.

Calculations were run for all the bentonites of collected clays. Plate structures caused
preferred orientation and lowered the Rietveld fit. The second problem was caused by
unknown structures of smectites (variation in parameters due to structural substitutions).
The Rietveld evaluation was impossible due to the absence of structure models for
samples containing specific mixed layered structures (sample Illite Fiiz, ME82). An
example of the results of CV1BE Rietveld analysis is shown below.
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Fig. 5.62 - CV1BE XRD pattern before Rietveld refinement, left upper corner contains
fitted minerals and their appropriate content derived from structure models inserted for
refinement run. The dashed vertical line defines the interval excluded from fitting
because of the presence of support alumina diffraction
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Fig. 5.63 - CV1BE XRD pattern after Rietveld refinement, models are refined, content
of mineral phases is recalculated. Shape of blue line area below represents the
theoretical XRD pattern of a sample containing refined minerals
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Fig. 5.64 - Zoom of smectitic 001 diffraction after Rietveld refinement. The fit is rather
poor concerning the position
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Fig. 5.65 - Zoom of middle-angle region, goodness of fit is significantly influenced by
plate structure of minerals, preferred orientation and low crystallinity
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Fig. 5.66 - Zoom of 060 diffraction region, influence of plate minerals is profound
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6. Conclusions

The questions asked in Chapter 2 have been answered on the basis of the experiments
performed as follows:

Are the results affected by the composition of the stock solution, by the way of its
addition and by the sample preparation procedure?

The Cu-trien method is sensitive to the stock solution preparation and to the addition of
the stock solution. In the case of charge-reduction or other sample treatment (in order to
change its properties), the use of one solution and one addition is highly advised. The
influence of the solution and addition factors has been observed for both the Source
Clays Standards and homoionic DR forms. Source Clays Standard SWy-2 pointed to
problems with dissolution of admixtures and growing difference related to non-
equivalent exchange (concerning the valence of a native ion in the interlayer space).
Filtration was found to be a faster procedure of sample preparation with a small
influence on CECg, (calculated from AAS measurement of Cu®* in the supernatant) and
CECyy.vis (calculated from the Cu-trien complex in the supernatant measured by
colorimetry). The CECg,, determined as the sum of the released cations has been found
to be of lower significance (dependent on the supernatant acquisition procedure,
influenced by dissolution of admixtures, time consuming, offers information on the
cations in the interlayer space).

Does the type of the interlayer cation influence the results?

Concerning CEC¢, and CEC,,-vis, there were no differences found in relation to the
type of homoionic form (DR samples). The interlayer cation influenced CECc, and
CEC,y.vis in the same manner confirming the interchangeability of the methods. The
results of CECc, and CEC,,.,is were increased due to the interlayer cation in the
Ca’*<Mg**<Na'<Li" order. The CECy differed significantly, due to an inhomogeneous
extent of ionic replacement in the interlayer space.

Investigation of the homoionic form revealed an influence of the sample preparation on
monovalent cations (Na* and Li") using CECyy.vis. The CEC results increased with
increasing addition of the stock solution and with increaing content of free trien in the
stock solution. The influence was also found for CECyg. The magnesium concentration
in the supernatant is negatively related to the concentration of free trien in the stock
solution and positively to the amount of the stock solution added.

What is the reliability of the Cu-trien method when using atomic absorption/
emission spectroscopy and how much the results differ from those obtained by
colorimetry?

The comparison of the methods for the reference samples (STx-1 and SWy-2) was
unclear. Filtered samples of STx-1 showed similarity of CEC¢, and CECgyy while
SWy-2 displayed no relation. The AAS/AES and UV-Vis results for homoionic samples
(DR) revealed no statistical difference between the methods. The atomic absorption of
cuppric ions is equivalent to colorimetry.
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How much the results differ from those obtained by the classical NH;' HAc method?

The Cu-trien method was compared with the ammonium accetate and the silver thiourea
methods using collected clays. There was no significant difference found concerning the
ammonium acetate method. Taking into account the time consumption, the Cu-trien
method is incomparably faster. The silver thiourea method was found to be significantly
different from the two other methods. The most probable source of error lies in the
application of this method to bentonitic samples.

Summarizing all the above conclusions, the cation exchange capacity determined using
the Cu-trien complex is not robust. Application of this method requires the same
experimental settings within the set of the similar samples. The Cu-trien method is fast
and the resuls are in good agreement with those obtained using the standard ammonium
acetate method.

Rietveld refinement

The semiquantitative Rietveld refinement has been found to be difficult to apply to
samples containing clay minerals. The results obtained by refinement were
unsatisfactory.
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