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Preface

Clay and clay minerals represent the youngest minerals in the Earth’s crust. Clays are
irregularly distributed in lithosphere, as their concentration increases due to the
weathering, hydrothermal changes, including anthropogenic influences. Clay minerals
occur in all types of sediments and sedimentary rocks and are common in
hydrothermal deposits. The interdisciplinary character of clay science follows from the
information obtained from the methodology and theory of other natural and technical
sciences. These include physics, physical chemistry, colloid chemistry, inorganic,
organic and analytical chemistry, mineralogy, crystallography, petrology, geology,
sedimentology, geochemistry, soil science, soil mechanics and technology of silicates.

The clay minerals when occurring in very small grain size are very sensitive to the
mechanical and chemical treatments. Their structures are built from the tetrahedral (Sj,
Al, Fe*) and octahedral (Al, Fe*, Fe*, Mg) coordinated cations forming sheets. The
major subdivision of the layer lattice silicates is based upon the combination of the
tetrahedral and octahedral sheets. Additional subdivision is based on the octahedral
sheet. Dioctahedral sheet contains two cations per half unit cell and trioctahedral sheet
contains three cations per half unit cell.

The clay mineral type 1:1 consists of one tetrahedral and one octahedral sheet. These
sheets are approximately 0.7 nm thick. The 1:1 clay minerals are divided into kaolinite
minerals (dioctahedral) and serpentine (trioctahedral). The different members of
kaolinite minerals are characterized by the manner of stacking of the 1:1 layers.

The clay mineral type 2:1 layer consists of two silica tetrahedral sheets and between
them is an octahedral sheet. The 2:1 layer is approximately 1 nm thick. The unshared
oxygens of the tetrahedra point towards the center of the octahedral sheet and
substitute two-thirds of the coordinated hydroxyls in octahedra. The 2:1 clay minerals
include the mica and smectite groups. The pure end members of this type are talc
(hydrous magnesium silicate), pyrophyllite (a hydrous aluminum silicate) and
minnesotaite (a hydrous iron silicate). The mica group is subdivided to muscovite
(dioctahedral type) and biotite (trioctahedral type). The most common illite mineral is
diocathedral and has lower total negative charge 0.75 per O10(OH)2 in comparison with
the charge 1 per O1(OH)2 of muscovite. The dioctahedral iron illites are glauconite and
celadonite. The clay-sized minerals are usually mixed-layer biotite-vermiculite formed
when the interlayer cations were leached from the interlayer of biotite.
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The expandable 2:1 clay minerals contain loosely bound cations and layers of water or
organic molecules between the silica sheets. The interlayer cations are usually Na, Ca,
H, Mg, Fe and Al. The interlayer water can released at temperature between 120 and
200°C.

The low-charged expanded minerals montmorillonites belong to the group of
smectites. The layer charge ranges from 0.2 to 0.6 per Ow(OH): originates in the
octahedral sheet. Dioctahedral smectites with the layer charge 0.4 (or higher) were
named beidellites and their ferric ion-rich variety is called nontronite. Trioctahedral
low-charge smectites are hectorite which contains Mg and Li in octahedral sheet and
saponite with substitution Al in tetrahedral sheet.

Trioctahedral expanded 2:1 clay minerals with layer charge between 0.6-0.9 are
vermiculites. Vermiculites are coarser grained. Their negative layer arises mostly from
the substitution of Al* for Si* in tetrahedra.

Chlorites consist of a 2:1 layer and an octahedral interlayer sheet which a unit
periodicity is 1.4 nm. Chlorites are mostly trioctahedral while some chlorites have both
dioctahedral and trioctahedral sheets.

In nature there are number of clays which are not pure clay minerals but contain
interstratified units of different chemical composition and are called mixed-layer clays.
Interstratifications between non-expandable layers of illite and expandable layers of
smectite (montmorillonite) are the most abundant mixed-layer clay. Other mixed-layer
clays are chlorite-montmorillonite, biotite-vermiculite, chlorite-vermiculite, illite-
chlorite-montmorillonite, talc-saponite and serpentine-chlorite. A  regular
interstratifications of one layer of illite and one layer of smectite is in rectorite while
one layer of smectite and three layers of illite are in tarasovite.

Allophane and imogolite are clay-size hydrous alumino-silicates of short-range order.
They are abundant in soils derived from volcanic ash.

Palygorskite and sepiolite are clay minerals with a chain structure. They contain a
continuous two-dimensional tetrahedral sheet and lack continuous octahedral sheets.

The non-clay minerals can significantly affect the properties of a clay material. For
example the presence of fine quartz particles affects the abrasiveness of the kaolin,
organic material in a clay affects the color and other properties. The exchangeable ions
and soluble salts affect the physical properties of a clay material: a calcium
montmorillonite presents very different viscosity and gelling characteristics than a
sodium montmorillonite.

The texture of a clay material refers to the particle size distribution of the constituents,
the particle shape, the orientation of the particles with respect to each other, and the
forces which bind the particles together. The definition of clays according to the size
particles varies for geologists (2um), chemists (1pm) and for sedimentologists (4pm).
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Pure clays do not usually occur in nature. Clays often referred to as the “common
clays” have engineering applications. They contain mixtures of different clay minerals
such as illite/smectites, kaolinites, smectites, micas and associated minerals. Other so-
called “industrial kaolins” contain relatively high amounts of kaolinite (kaolins), and
sometimes a small proportion of high-quality kaolin minerals. The class named
‘bentonite” has a high montmorillonite (smectite) content. The “palygorskite-sepiolite
clays” are similar to bentonites and are used because of their surface properties and
reactivity.

Clay minerals may be utilized in their as-mined state, as low-cost impure materials
because of their engineering, physical and or chemical properties. The refined high-
purity clay minerals are an integral part in the highest technological achievements in
pharmacy, medicine and catalysis.

Soil science is an interdisciplinary science that integrates knowledge of physical,
chemical, and biological processes which interact across a large range of spatial and
temporal scales. Clay minerals together with organic matter in soils form a humus
complex which is very significant for the life of the majority of plants. The clay
minerals in soils are an important source of nutrients and water.

This book first introduces the reader to the basics characterization of clay minerals in
deposits and their utilization. The topics as distribution and origin of clay minerals in
ore deposits, characterization and documentation as well as exploration clays at oil
production are discussed. The second section includes four chapters about the clay
minerals in soils, where mineralogical composition or water retention are described.
The third section implements the structural modifications of clay minerals for the
purpose of further clay minerals applications and unconventional methods of
characterization.

Dr. Marta Valaskova D.Sc and Dr. Grazyna Simha Martynkova
Nanotechnology Centre, VSB-Technical University of Ostrava,
Ostrava-Poruba

Czech Republic
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Clay Minerals in Deposits







Chapter 1

Documentation, Application and Utilisation of
Clay Minerals in Kaduna State (Nigeria)

Oluwafemi Samuel Adelabu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/48093

1. Introduction

The significance of solid mineral resources has been of profound value to man since time
immemorial. Clay minerals appear not to be the most valuable among the minerals of the
earth surface, yet they affect life on earth in far reaching ways. Nigeria in sub-Saharan Africa
(surface area: 923,768 km?) is a country with considerable wealth in natural resources, with a
record of over 30 minerals of proven reserves [1]. As far back as 1903 and 1904, geological
survey in Nigeria evolved when the Mineral Surveys of the Southern and Northern
Protectorates of Nigeria were established under the British colony. The Mineral Surveys
carried out broad reconnaissance of mineral resources of the two Protectorates with the
prospect of using the raw materials for industries in Britain. In course of these activities,
such deposits as Tinstone, Columbite Limestone, Bitumen, Lead-zinc Ores, Coal, Clays, Iron
Ore, Gold, and Marble etc were discovered in various parts of the country [2]. After the
colonial era, government parastatals have been set up such as the Nigeria’s Ministry of Solid
Minerals Development, Raw Material Development Research Council (RMDRC) and the
Federal Institute of Industrial Research Oshodi (FIIRO) which all tried to establish a
comprehensive data list of basic mineral resources as they occur at various geological
locations in appreciable millions of tonnage that supports experimental and industrial uses
[3, 4]. In recent research purview, various studies on solid mineral resources using geo-
scientific surveys and mineralogical charaterisation considered that the understanding of
the nation’s mineral potentials is critical for efficient exploration and exploitation towards
promoting sustainable economic development as shown in [1, 5-8]. Results have shown that
Nigeria’s geosphere is enriched with a wide range of both metallic and non-metallic
minerals deposited across the states of the nation which are and could still be beneficiated to
provide the raw materials for industrial manufacturing among other productive purposes.
Noteworthy, clay minerals constitute over 50% of the non-metallic, earthy and naturally-
occurring resources abounding throughout Nigeria's sedimentary basins and on the

I NT EC H © 2012 Adelabu, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



4 Clay Minerals in Nature — Their Characterization, Modification and Application

basement [9]. In [5], it was observed that extensive investigation has been carried out on the
liquid mineral endowment of the country, while little has been done to solid mineral
endowment of which clay is prominent and as a result, adoption of solid mineral on
industrial scale is scanty.

Mararaba-Rido and Kachia areas of Kaduna State are among the largest reserves of clay
deposits in Nigeria with over 5.3 million tons [9]. Despite the vast potentials, clay minerals
are still grossly underutilized and the few pockets of existing clay-based industries have
primarily harnessed the raw for the production of ceramic wares and structural products. A
growing number of investigations carried on the solid industrial minerals in Nigeria have
been broad based and generic with consideration for geological survey and mineral
characterization [see 1,4,6,8]. Besides, documented studies on clay minerals in selected areas
of Nigeria tend to focus more on the mineral characterisation and with little emphasis on the
economic potentials or usage of the minerals as such in [5]. This study had considered the
industrial potentialities in addition to the properties study of clay mineral using Kaduna
State of Nigeria as a case study. The qualities of clay found determine its application and
suitability for ceramic products such as in bricks, ceramic wares, and refractory. The
findings of the study were gathered through field surveys with documentation of relevant
information on clay reserves, mineral locations, and the economic significance of the
minerals. This includes detailed evaluation of report findings from three clay-based
industries at Mararaba-Rido, Jacaranda and Maraba areas in Kaduna State, Nigeria. The
result shows a significant usage of clay mineral as a principal raw material for ceramic
manufacturing such as structural, refractories, and whitewares products. Clay minerals hold
high material value to industries in Kaduna utilizing them for ceramic purposes towards
socio-economic and industrial development. This supports the main policy thrust of the
economic reform program of the Nigerian government which is targeted at mobilizing
national capability in converting the country’s endowments into utility products and
services for the common man [10].

2. Background
2.1. Documentation on clay minerals in Nigeria

The most abundant, ubiquitous, and accessible material on the earth crust is clay [11]. Reference
[5] observed that a great emphasis is placed on exploiting the abundant solid minerals
endowments in Nigeria with a view to diversifying the economic base of the country,
improving Gross Domestic Product (GDP) and industrial activity. One of these endowments
with tremendous potential for economic utilization is clay. Clay deposit is spread across the six
geo- political zones of the country [12]. Clays have their origin in natural processes, mostly
complex weathering, transport, and deposition by sedimentation within geological periods [13].

The abundance of the clay minerals in Nigeria supports its rich and historic traditional
pottery industry that dates from the Stone Age. Archeological evidences from the ancient
pottery areas of Nigeria such as Iwo-Eleru near Akure in Ondo State, Rop in Plateau state,
Kagoro in Kaduna State and Afikpo in Ebonyi state proved that as far back as the late stone
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age, the occupants of these areas made productive used of clay for pottery [14]. The
composition of clayey and organic materials such as straws made into adobe brick, served as
a ubiquitous building material widely used for building weather-friendly houses in the vast
rural domains. Modern industrial uses of clay for ceramics and bricks now obtained in
notable parts of the country including Kaduna, Northern Nigeria.

Clay is simply defined as earth or soil that is plastic and tenacious when moist and that
becomes permanently hard when baked or fired. It consistsof a group of hydrous alumino-
silicate minerals formed by the weathering of feldspathic rocks, such as granite. Individual
mineral grains are microscopic in size and shaped like flakes. This makes their aggregate
surface area much greater than their thickness and allows them to take up large amounts of
water by adhesion, giving them plasticity and causing some varieties to swell (expandable
clay). Common clay is a mixture of kaolin, or china clay (hydrated clay), and the
fine powder of some feldspathic mineral that is anhydrous (without water) and not

No Mineral Site Location State Estimated Remark
Reserve
(tonnes)
1 Kaolin Kankara Katsina 20,000,000 Residual
Major porter, Jos Plateau 19,000,000 o
Oshide Ogun | ...l v
Iseyin Oyo | .o “
Ifon Ondo | ..ooeeininn “
Ozubulu Anambra 769,000 Sedimentary
Illo Sokoto | e Residual
Darazo Bauchi 10,000,000 |  ..eeeeeininnn.
Kpaki; Pategi Niger | i |
Igbanke; Edo | ... Sedimentary
Ozonnogogo
2 Ball clay Abeokuta Ogun | ... Black
Auchi; Ujogba Edo | ... Black; Cream
Nsu Imo | ...l Cream
Giru Kebbi | ....oon |
3 Common Mararaban-Rido Kaduna 5,500,000 grey
clay
4 Feldspar Okuta Ogun | ... Potash
Lanlate A e ”
Egbe Kwara | ... v
Bari Niger | ... ”
Okene Kogi | ... "
Gwoza Borno | ...l v
Oshogbo Osun | ... v
Tjero Ekiti | ...l Soda

5
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No Mineral Site Location State Estimated Remark
Reserve
(tonnes)
5 Quartz/ Pankshin; Shabu Plateau 27,962; White; Sand
Silica Biu Borno 2,540,000 White
fjero Ekiti | ... Sand
Lokoja Kogi 4,000,000 7
Ughelli Delta |  ...ooo..... o
Badagry Lagos |  ...ooeeo... ”
Epe SN | IR Pe— v
Igbokoda Ondo | ... v
P/ Harcourt Rivers |  ............ o
6 Talc Shagamu Ogun | .0 |
Kumunu Niger 40,000,000 | ..l
Ilesha Oyo | i |
Okolom Kogi | .o |
Zonkwa Kaduna | ... | Ll
6 Bentonite Geshua Yobe | ... | Ll
M/Belwa Adamawa | ..o |
Esan/Isan Edo | ... |
8 Limestone Okpila Edo 10,161,000 White
Jakuru Kogi 68,000,000 ”
Igumala Benue 30,161,000 | ...l
Mfamoging C/river 26,000,000 Grey
Nkalagu Enugu 720,000,000 v
Ewekoro Ogun 7.1 Billion Clayey
Arochuku Imo 101,000,000 |  ...o........
Shagamu Ogun | ... Grey
Isekulu Delta |  .coooeees |
Sokoto Sokoto | .. |
9 Dolomite Osara Kogi 2,000,000 White
Ttobe Benue 1,000,000 “
Igara Edo | ... “
Mura Plateau |  ............ “
Elebu Kogi | ... “
Igbeti ©y® ||  ceocososooe “
Burum FCT 8,000,000 “
Kwakuti Niger 2,540,000 “
B/Gwari Kaduna | ... |

Source: (17) 2000

Table 1. A Table Showing Clay related materials and their various locations in Nigeria.




decomposed. Clays vary in plasticity, all being more or less malleable and capable of being
molded into any form when moistened with water. The plastic clays are used for making
pottery of all kinds, bricks and tiles, tobacco pipes, firebricks, and other products. The
commoner varieties of clay and clay rocks are china clay, or kaolin; pipe clay, similar to
kaolin, but containing a larger percentage of silica; potter's clay, not as pure as pipe clay;
sculptor's clay, or modeling clay, a fine potter's clay, sometimes mixed with fine sand; brick
clay, an admixture of clay and sand with some ferruginous (iron-containing) matter; fire
clay, containing little or no lime, alkaline earth, or iron (which act as fluxes), and hence
infusible or highly refractory; shale; loam; and marl (16). Tables 1-3 below listed industrial

Documentation, Application and Utilisation of Clay Minerals in Kaduna State (Nigeria)

clay-based minerals in Nigeria with information about location, reserve, and geology.

States Location

Cross-River Appiapumet and Ofumbonghaone, Ogurude,
Ovonum

Akwa Ibom Nkari, Nlung, Ukim, Ikot-Etim, Eket-Uyo, Ekpere-
Obom, Ikot-okoro, Tkwa

Benue Katsina Ala, Otukpo, Buruku, Gwer West,Gwer,
Makurdi

Ebonyi Ohaukwu, Ezza North, Abakaliki, Ezzi, Afikpo
South, Ohaozara

Abia Isikwuato, Ikwuano, Umuahia Bende, Arochukwu

Enugu Enugu, Isi-Uzo, Uzo-Uwani, Gji River, Udi

Ekiti Ara-Jjero, Igbara, Ado, Orin

Ondo Erusu Akoko, Ikale, Ode-Aye, Ute Arimogija, Ifon

Ogun Bamajo, Onibode

Plateau Bassa, Barinkin-Ladi, Mangu, Kanam, Langtang
north

Niger Lavun, Gbako Suleja, Minna, Agaie, Paikoro

Kaduna Kachia, Mararaba-Rido, Farin-Kassa

Kogi All over the state

Rivers Etche Ikwere

Kano All over the state

Delta Ethiope East, Isoko South, Ndokwa,
South/East/West Okpe, Sapele, Ughelli South, Warri
North/South.

Niger Agaie, Bida, Lavun, Mashegu, Murya

Source: Raw Materials Research and Development Council , 2009

Table 2. Locations of Ball Clay in Nigeria [2009 Update]

7
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State Location
Cross River Alige, Betukwe, Mba, Behuabon,
Akwa-Ibom Ibiaku, Ntok Opko, Mbiafum, Ikot Ekwere,
Abia Umuahia South, Ikwuano, Isiukwato, Nnochi,
Enugu Uzo Uwani, Nsukka South, Udji, River-Oji, Enugu North,
Imo Ehime, Mbano, Ahiazu, Mbaise, Orlu, Ngor Okpalla, Okigwe, Oru,
Benue Apa, Ogbadibo, Okpokwu, Vandikya,
Anambra Ozubulu, Ukpor, Anyamelum, Ekwusigo, Nnewi South, Ihiala,
Njikoka, Aguata,
Ondo Abusoro, Ewi, Odo-Aye, Omifun,
Ekiti Isan-Ekiti, Ikere-Ekiti,
Nasarawa Awe, Keffi,
Ogun Ibeshe, Onibode,
Kogi Agbaja,
Niger Lavum Gbako, Bida, Patigi, Kpaki,
Kaduna Kachia,
Plateau Barkin-Ladi, Mangu, Kanam,
Bauchi Ackaleri, Genjuwa, Darazo, Misau, Kirfi, Dambam,
Yobe Fika(Turmi),
Borno Maiduguri, Biu, Dembua,
Edo All parts of the State,
Delta Aniochia South, Ndo Kwu East,
Osun Irewole, Ile-Ife, Ede, Odo-Otin, Ilesha,
Katsina Kankara, Dutsema, Safana, Batsari, Ingawa, Musawa, Malumfashi,
Kano Rano, Bichi, Tsanyawa, Dawakin-Tofa, Gwarzo,
Kebbi Danko, Zuru, Giro, Dakin-Gari,
Oyo Iwo, Alakia,

Source: Raw Materials Research and Development Council, 2009

Table 3. Sources and Locations of Kaolin in Nigeria [2009 Update]

2.2. Study area and method

Kaduna State is located at the centre of Northern Nigeria (Figure 1). It is situated on the
southern end of the High Plains of northern Nigeria, bounded by parallels 9°03'N and
11932'N, and extends from the upper River Mariga on 6°05'E to 8°48'E on the foot slopes of
the scarp of Jos Plateau [18]. The bedrock geology is predominantly metamorphic rocks of
the Nigerian Basement Complex consisting of biotite gneisses and older granites. In the
southeastern corner, younger granites and batholiths are evident. Deep chemical weathering
and fluvial erosion, influenced by the bioclimatic nature of the environment, have
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developed the characteristic high undulating plains with subdued interfluves [18]. In some
places, the interfluves are capped by high grade lateritic ironstone especially in the
Northwest.However, soils within the "fadama" areas are richer in kaolinitic clay and organic
matter, very heavy and poorly drained characteristics of vertisols.

Kaduna State is endowed with minerals which include clay, serpentine, asbestos, amethyst,
kyannite, gold, graphite and siltimanite graphite, which is found in Sabon Birnin Gwari, in
the Birnin Gwari local government. The soils and vegetation are typical red-brown to red-
yellow tropical ferruginous soils and savannah grassland with scattered trees and woody
shrubs. The soils in the upland areas are rich in red clay and sand but poor in organic
matter. In [15], Kaduna area is noted as a historic home of the Nok culture, the earliest
producer of terracotta sculptures in the whole of sub-Sahara African, dating over 2,000 years
ago (Figure 2). This reference has provided an index to age-long clay mineral heritage;
besides serving as a mirror to civilization with which the modern man has been able to find
out more about himself and the environment at such point in recorded history [19]

In recent times, apart from traditional purposes, the vast deposit of clay has basically served
as raw material for pottery and red bricks production with a handful industrial presence.
The fieldwork survey identified three prominent clay-based industries striving to survive
the threats of unfavorable economic factors. The clay industrial sites were examined in
relation to productive means of utilising the raw materials. The industries included Kaduna
Clay Bricks at Mararaba-Rido and Jacaranda Pottery both located around Kaduna South and
Maraba Pottery Center in Maraban Jos, Kaduna, Nigeria. The firsthand knowledge of the
various productive uses of Kaduna’s rich clay reserves, however, indicated prospects for
industrial expansion if the mineral is properly explored and harnessed.

P, ] -

Figure 1. Nigerian map showing location of Kaduna state
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Source: Jastrow (2006)

Figure 2. Nok sculpture. Fired clay (Terracotta), 6th century BC-6th century CE, Nigeria. H. 38 cm (14 % 1in.)

3. Clay minerals and applications in Kaduna State, Nigeria

In most parts of the country, native pottery is a vibrant traditional art practice and an
established cottage industry for claywares. Clay has served as an indispensable raw material
for the production of products varying from red bricks (for building and decorative
purposes) and pottery both at industrial and local levels in Kaduna State. The location of
existing brickworks, pottery works and other ceramic production is an evidence of workable
deposits within the State.

Specifically, the scope of this study surveyed on the application of the clay deposit as found in
Mararaba-Rido, Jacaranda and Maraba outskirt areas of Kaduna State. For these places, the
two potential qualities of clay which were of utmost importance to its usage include plasticity
and the ability to retain form at the intended firing temperature. The generic property of the
clay minerals indicate indicate that of a naturally occurring earthenware/ common clay which
is suitable for the production of red bricks and potteries which are refractory enough for
stoneware temperature. As observed, majority of the clay fire within the brown-red range of
colour commonly referred to as ‘terracotta’ while grayish/ brownish in its green state.

As noted in [17], earthenware clays are made up of a group of low firing clays that matures
at the temperature ranging from cone 08 to cone 02 (940°C- 1060°C). The clays contain
relatively high percentage of iron oxide and other mineral impurities, which serve as, flux (a
substance that lowers the maturing temperature of the clay). Unlike stoneware clay which is
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almost completely vitreous after, earthenware clay is known to be quite porous with
porosity between 5 and 15 percent. Usually, when the clay is subjected to temperatures
above 1150°C, it deforms, bloats or blisters.

Hence, the clay suitably serves as raw material for commercial bricks making and for
fashioning aesthetic and utilitarian vases besides tablewares.

3.1. Commercial bricks making at Mararaba-Rido

The vast clay deposit found at Mararaba-Rido is harnessed for a commercial production of
red bricks which are made available for building and decorative purposes. Kaduna Bricks
and Clay Products Limited, a factory sited in this area, is highly mechanized, bearing fully
automated and capital intensive plants with tunnel kilns built to manufacture clay bricks at
large scale. According to the reliable sources interviewed at the site, the factory is said to be
capable of producing an average number of 70,000 medium sized bricks per day.

The process adopted in the manufacturing of bricks ranging from medium, normal to
decorative types involves the following;:

s N
Clay winning
\ _J
R -
Clay Processing (Clay
Preparation)
\ 4
Brick moulding
(Extrusion)
4
v
<
Drying
\ ¢ y
4 N\
Firing
(& 4
Sorting
(& 4

Figure 3. The production process for clay brick industry

- Clay winning (Quarrying and Transportation): This involves the mining of clay from
the clay pit or quarry which is situated at about 2km from the main factory. Because the
clay material is usually required at bulk quantities, mechanical winning is usually
carried out i.e. clay is excavated, transported and dumped at the factory site with the
use of drag-line excavator and large dumper truck (Figure 4).

"



12 Clay Minerals in Nature — Their Characterization, Modification and Application

Figure 4. Clay pile at brick factory site for processing

- Clay Processing (Clay Preparation): The processing phases is a stage where heaps of
fairly wet clay is being subjected to crushing, grinding and tempering before it can be
suitable for shaping/moulding. At the early phase, fairly wet raw clay is dropped inside
a box feeder where the clay is being conveyed through a conveyor belt into the wet-pan
grinder. With the aid of two high speed rollers inside the wet grinder, the clay is
grinded and mixed with water, and then passed through the screen plate into the
double shaft mixer for proper mixing (say tempering). Hence, the clay is conveyed into
the vacuum double shaft mixer linked to the extruder where the moulding and shaping
take place (Figure 5).

Figure 5. Clay processing plants

- Shaping/ Moulding: the clay with the aid of an extruder is being shaped into various
shapes of bricks and cut into standard sizes with the cutting machine set at a particular
cutting length. The shape of extruded bricks is determined by the die mould mounted
at the extruder mouth (Figure 6).
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Figure 6. Brick production unit

- Drying: Freshly formed green bricks are systematically packed in procession on
palettes and loaded through a cross conveyor and the ascending elevator on a finger car
truck. With the green bricks arranged on the finger car truck, they are transported to the
drier (Figure 7). In the drier, the bricks are being exposed to hot and cold air for an
accelerated drying. The hot air is generated from an oven heater (lintel block) besides
the heat siphoned from the tunnel kiln.

Figure 7. Brick drying compartment

- Firing: Dried bricks are moved from drier with palettes on wheel barrows to the firing
chamber after unloading through a downward elevator connected to the cross conveyor
at stationed at the dry side. Hence, dried bricks are inter-sparsely stacked in the firing
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chamber of the tunnel kiln (Figure 8) and fired to a maturing temperature ranging from
950°C to 1050°C with networks of complex oil burners and fans which help to blow the
oil for an accelerated combustion process (air host fixed burner length). Low pour fuel
oil (LPFO), also known as black oil mainly serves as the heating fuel.

Figure 8. Tunnel kiln and its inner chamber

- Dispatching: Cooled fired bricks are gradually unloaded from the kiln and transported
to a designated point around the factory where they are being collected directly by
buyers. Prices of bricks products range from N100 (0.63USD) and N38 (0.24USD).
Commonly produced brick types include Medium size; Normal size; decorative types;
Ernest brick. Refractory bricks (used for the purpose of building furnace, kiln or oven) are
also produced but on special demand. In this case, a refractory is composed by blending
their clay with other refractory materials like kaolin from Bauchi state, Nigeria.

As noted, Kaduna Bricks and Clay Products Limited is one of the main the main clay-brick
producing factories in Nigeria. Most of the brick-making factories that were originally
established by the Government are being privatized presently.

3.2. Local pottery production at Jacaranda

The availability of natural earthenware clay at Jacaranda has enabled the production of pottery
products varying from decorative and utilitarian vases to tablewares in this area. Situated some
few kilometers away from Mararaba-Rido, the clay used in Jacaranda pottery exhibit similar
properties in term of plasticity, strength, colour (both at green and fired state). The earthenware
clay serves as the basic raw material for the production of pottery articles while some other
bodies are derived or composed by blending two or more clay types. For example, a
stoneware body will be prepared when tablewares and other articles which require glazing are
to be made. Besides, the clay may be enhanced by adding other materials to get a vitrifiable, and
more workable clay with less shrinkage.

However, as clearly observed, the pottery center is fully equipped with the basic studio
tools and structures required for pottery production. These include kick wheels, throwing
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kits, kneading table, studio shelves, dewatering tray, clay pits, fuel kilns and kiln furniture.
The production processes used at the center for pottery production is described in the
following chart:

Clay Sourcing

v

Clay Processing and
Preparation)

v

Shaping and Forming

'

Forms Decoration

v

Drying
Bisque / Glaze Firing

Figure 9. A schematic representation of the pottery production processes and operation

From the information gathered, Jacaranda Pottery is a small-scale ceramic industry which has
been in operation since 1982, when it was established by a Briton. Though at present, the
ownership of pottery center had been transferred to a Christian organisation with some other
assets on the site. This was said to be brought about when the former owner whose residence
was in the heart of Kaduna city, got affected by the religious crisis that erupted in the State in
2001 and decided to return to his country. However, the pottery center is still in operation
though production activities at the center have not resume to its full capacity as obtained before.

Products include creative ceramic and pottery forms, which serve as ornamental purposes,
utilitarian vases and tablewares as shown in Figure 10.

3.3. Maraba pottery, Kaduna

Maraba Pottery is cottage clay industry established in 1985 by set up Danlami Aliyu with
the assistance of a British Potter, Michael O’Brien for the purpose of producing local ceramic
wares which can meet the needs of local consumers and tourists. The center has also served
a skill acquisition center for pottery practice and ceramic studio management. The center
was strategically located within the reach of basic raw materials among which are clay
minerals carefully collected from nearby sites, blended and manually processed to form
stoneware body. The body compositions are basically made from blends of fireclay or ball
clay (0-100%) and kaolin (0-70%) Quartz could also be added at 0-30%. Stoneware is generally
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Figure 10. Display of unfired and fired pottery wares at Jacaranda Pottery Centre

Figure 12. Clay mineral deposition in an eroded mining site
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once-fired with firing temperatures which can vary significantly, from 1100 °C to 1300 °C
depending on the flux content. The production process adopts simple machines and
improvised tools at various stages such clay processing and preparation, clay forming (Figure
13), decoration and firing. The pottery works from Maraba are culturally inspired with items
ranging from tablewares, dinnerwares, decorative wares and souvenirs (Figure 14).

Figure 13.

Figure 14. Unfired pottery and glazed ceramic wares on display at Maraba Pottery Centre

4. Discussions

Reference [20] opined that any ceramic industry, be it big or small, simple or complex, is
created to serve some certain immediate and long-term needs within a given societies.
Considering the usefulness of various ceramic materials/ products, the ceramics industry
especially the local-based ones can play a major role in the socio-economic development of
their locality and the country at large.

Housing constitutes one of the most important basic needs of life. A number of building
materials exist which have proved themselves to be most suitable material for use in a wide
variety of situations, and have a great potential for increased use in the future. Clay bricks

17
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are one of such products, which make use of available indigenous materials which can be
manufactured locally.

Considering costs, locally-made clay bricks are among the cheapest of walling material.
Besides, it should be borne in mind that if, as stated at a United Nations Conference, a house
is to retain its usefulness, it must be maintained, repaired, adapted, and renovated. Thus,
choices concerning standards and materials should consider resource requirements over the
whole life of the asset and not merely the monetary cost of its initial production. Durable
materials such as clay bricks have a cost advantage in this respect [21].

Significantly, the productive applications of clay from the country’s vast mineral reserves
will foster the conservation of foreign exchange which otherwise cannot be achieved with
overdependence on imported materials. It is therefore notable that the efficient utilisation of
locally available clay minerals will contributes to the fulfillment of the national socio-
economic development through employments generation and industrialization as
buttressed in [22]. Nevertheless, environmental issues should not be ignored while
benefiting from the wealth of mineral exploitations. Mining operations should be properly
coordinated to avoid the adverse effect of environmental depletion (see Figure 12).
Reference [22] also noted that the United Nation General Assembly has implied the
integration of economic, social and environmental spheres to meet the need of the present
without compromising the ability of future generations need.

5. Conclusion

Previous geoscientific mineral studies have revealed that clays of various kinds and grades
abound throughout Nigeria's sedimentary basins and on the basement. The mineral hold a
significant importance especially to ceramic (pottery) practices in almost all parts of Nigeria
from prehistoric period as also noted in [23]. In all parts of the country, native pottery is a
vibrant traditional art form and an established cottage industry for earthenwares. There are
various applications of clay use among which ceramics and bricks making are prominently
featured in this study. Ceramic works at Abeokuta (Ogun State), Ikorodu (Lagos State),
Okigwe (Imo State), Umuahia (Abia State) and Suleja in Niger State produce glazed wares
from local kaolin. Refractory clays for refractory bricks have been proven at Onibode near
Abeokuta where the refractoriness is very high at about 1,750°C.

Having observed the potentialities of clay minerals in the area of ceramic production, more
can be achieved if the raw material can be fully exploited and harnessed. When the local raw
materials are explored and exploited, it spurs industrial development and self reliance, thus
maximizing the use of local raw materials instead of depending on imported ones with its
attendant adverse effect on the economy [20]. A good example in this direction has been
projected with the case study. Emphasis should be placed more on research through
provision of research fund to the higher institutions, investing on the development of local
technologies that utilizes local ceramic raw materials. The mining and geological research
industries should be revitalized to rise up to the challenges of assisting towards maximum
utilization of these raw materials. More research and developmental institutes should be
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established and the already existing ones must be properly equipped for effective delivery
to researchers.

With the current drive targeted at attaining self-reliance in the local sourcing of industrial
raw materials, a new vista can be opened in the previously unexplored areas through
mining beneficiation and mineral dressing [24]. This will make it possible to set up
profitable ventures for the supply of refined raw materials as feed stock to industries.
Furthermore, the empowerment of the small-scale ceramics industry with the ability to
compete with foreign products in terms of quality, standard and cost, will better reposition
them to contribute immensely to export promotion, employment generation and socio-
economic growth of a nation.
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Chapter 2

Clay Minerals from the Perspective
of Oil and Gas Exploration

Shu Jiang
Additional information is available at the end of the chapter
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1. Introduction

The clay minerals e.g. kaolinite, smectite, illite, chlorite, etc. are ubiquitous in the targeting
rocks of oil and gas exploration. During the early age (1940s) of worldwide oil exploration,
clay minerals were studied to predict the quality of organic rick source rock and generation
mechanism when scientists tried to investigate the origin of oil and gas (Grim, 1947, Brooks,
1952). Then the clay minerals analysis was used as a tool in terms of environmental
determination, stratigraphic correlation and hydrocarbon generation zone identification to
find exploration target interval, which was preliminarily and generally summarized by
Weaver in 1960. By the 1970s, the clay minerals began to be widely studied for diagenesis
and reservoir quality prediction due to the application of petrological analysis and
quantitative mineralogical analysis by X-ray diffraction (Griffin, 1971; Pettijohn, 1975; Heald
and Larese, 1974; Bloch et al., 2002). Since 1980s, the clay minerals analysis has been used to
determine the hydrocarbon emplacement time and petroleum system analysis (Lee et al.,
1985). These intermittent clay minerals research progresses are the result of exploration
demands of conventional reservoirs (sandstone and carbonate rocks) at different times.

Despite their increasing importance in fundamental geological research and oil industry,
clay minerals prove difficult to study in the past. Their sheet structure results in features
that can only be resolvable at the sub-micron scale. They are also subtly variable in chemical
composition (Fe, Mg, K, Al, etc) and can be confused with each other and other silicates. the
recent innovative analytical tools and modern analysis techniques, e.g., QEMSCAN
(Automated Mineralogy and Petrography), FIB/SEM (Focused Ion Beam/Scanning Electron
Microscope), EDS (Energy-dispersive X-ray spectroscopy), etc.,, have the capability of
quantitative and qualitative characterizing nano-pore and mineralogy of fine grained shale
rocks (Lemmens et al., 2011), which creates new era of studying clay minerals for facilitating
unconventional (shale) reservoir exploration.

I NT EC H © 2012 Jiang, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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Even though there were the numerous sporadic reports about the application of clay
minerals in the oil and gas exploration. So far, relatively little work has been documented on
the detailed summary of clay minerals from the perspective of oil and gas exploration. This
paper is to systematically summarize the important role of clay minerals in oil and gas
exploration from many points of view: basin tectonic evolution, depositional environment,
thermal history and maturation history of organic matter in the source rock, hydrocarbon
generation, migration and accumulation process, diagenetic history and reservoir quality
prediction. The traditional and cutting-edge analytical tools and techniques are also be
introduced to identify and characterize the clay mineralogy, rock fabrics property and
micro- to nano-scale pores both conventional and unconventional oil and gas exploration.

2. The uses of clay minerals in oil and gas exploration

2.1. Indication of tectonics and sedimentation

During the evolution of petroliferous sedimentary basin, the clay minerals contained in the
rocks undergo a series of changes in composition and crystal structure in response to
tectonics and sedimentation. The amount and type of clay minerals are a function of the
provenance of clastic minerals and of diagenetic reactions at shallow and greater depth in
different tectonic and sedimentary settings. Clay minerals can be used to infer
tectonic/structural regime, basin evolution history and the timing of various geologic events.
This may even provide useful tool in helping to unravel the histories in tectonically complex
area, e.g., Schoonmaker et al. (1986) found that the depth distribution of illite/smectite (I/S)
compositions showed an irregular, zig-zag trend with depth. This trend is probably the
result of multi-stage reverse faultings resulted from the compressional tectonic movement.
1/S data were also used to infer several kilometers of uplift and subsequent erosion of the
section. The depositional facies appears to be an important factor controlling the abundance
of clays in the sediments. Fluvial facies generally possesses higher clay mineral abundance.
Well-sorted clean aeolian sands typically have a low clay abundance (<15%).

2.2. Indicator of hydrocarbon generation and expulsion

For oil and gas exploration, we need at least to confirm the exploration area has potential
source that generates the oil and gas. This drives geologists to study the potential source
rocks (usually organic rich shales) to understand if the organic matter in the source rock can
generate hydrocarbons at a given depth in a specific geologic time and when the generated
hydrocarbons reach the expulsion peak. Organic geochemistry is the main discipline for
studying oil and gas generation and expulsion. However, clay mineralogy is also important
for evaluation of these parameters since clay minerals and organic matters usually coexist in
the sedimentary rocks and the ultrafine clay minerals are sensitive to the changes in the
rocks accompanying the hydrocarbon generation and expulsion processes. Association of
clay minerals and organic matter in shales is a significant factor in petroleum genesis. Grim
(1947) emphasized the likelihood that the clay minerals in shales concentrated organic
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constituents by adsorption to form abundant source material, and subsequently acted as
catalysts in petroleum generation (Brooks,1952) .

Many authors report the transformation of clay minerals during diagenesis is from
montmorillonite to mixed-layer montmorillonite/illite to illite (Hower et al, 1976) and
changes in the ordering of Illite/smectite (I/S) are particularly useful in studying the
hydrocarbon generation because of the common coincidence between the temperatures for
the conversion from random to ordered I/S and those for the onset of peak oil generation.
Percentage of expandable layers in Illite/smectite decreases sharply where the Tmax (from
Rock-Eval pyrolysis) of S2 hydrocarbon production peak and indicator of thermal
maturation-production index (PI) [PI=S1/(S1+S2)] indicate it is oil generation zone (Burtner
and Warner,1986). The use of mixed-layer illite/smectite (I/S) as a geothermometer and
indicator of thermal maturity is based on the concepts of shale diagenesis that were first
described in detailed studies of Gulf Coast (Powers, 1957; Hower et al., 1976; Hoffman and
Hower, 1979). The good agreement between changes in ordering of I/S and calculated
maximum burial temperatures or hydrocarbon maturity suggests that I/S is a reliable semi-
quantitative geothermometer and an excellent measures of thermal maturity (Waples, 1980;
Bruce, 1984; Pollastro, 1993). The clay mineral association even can be used to evaluate the
hydrocarbon generation degree, e.g., the presence of illite-smectite-tobelite demonstrates
that oil generation has taken place and absence of tobelite layers shows that the rock has not
been heated sufficiently to generate large amounts of oil (Drits et al., 2002).

The significant changes of clay minerals during burial and their relations with diagenetic
stages, temperature, organic matter maturity, hydrocarbon generation and expulsion can be
summarized in Figure 1. During early diagenesis, the maturity of source rock indicated by
vitrinite reflectance (Ro) is low and low percentate of illitic beds in illite-smectite mixed-
layer clay minerals, e.g. Ro= 0.5% approximately corresponds to around 25% illite presence.
The Clay minerals mainly experience loss of pore water and little oil is generated during this
period. 25 to 50% illitic beds in illite-smectite mixed-layer clay minerals correspond to major
oil generating zone (Ro= 0.5 to 1.0%). When more than 75% illitic layers are present in illite-
smectite mixed-layer clay minerals, cracking of hydrocarbons form dry gas (Ro> 1.5%). This
general trend can be used to predict if the source rock is able to generate hydrocarbon in an
area. For example, the smectite alters to illite at temperature of 80 to 120°C, which
corresponds to the oil generation peak at the same temperature range. Figure 2 presents
data from Liaodong Bay area in Bohai Bay Basin in Northeast China to this aspect showing
the change in maturity of organic matter and reaction progress in the smectite to illite
transformation, which indicates that the rapid increase in illite and decrease in smectite
(montmorillonite ) in I/S correspond to rapid oil generation.

The reaction of smectite to illite in these clays also can indicate the producing high pore-
fluid pressures (Powers, 1967) and expulse hydrocarbons from the shales (Burst,1959; Bruce,
1984). This can be demonstrated in Figure 2 that the overpressure development interval
corresponds to the transformation of smectite to illite and hydrocarbon generation zone
(Figure 2C, D, E).
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Figure 1. Generalized relationship between temperature, hydrocarbon generation, diagenesis, source
rock maturity (vitrinite reflectance), changes in mixed-layer illite/smectite. Figure and data summarized
from Foscolos et al (1976), Hoffman and Hower (1979), Waples (1980), Tissot and Welte (1984).
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Figure 2. Five plots showing the relationships between diagenetic stages, porosity (A), permeability (B),
clay minerals evolution (C), vitrinite reflectance (Ro) (D), and pressure (E) in Liaozhong depression,
Liaodong bay sub-basin, Bohai Bay Basin, Northeast China. The secondary porosity zones are
numbered upward from 1 to 4.

2.3. Indices for hydrocarbon migration and accumulation

It is critical to establish that hydrocarbon formation and migration occurred after the
formation of the trap (anticline, etc.) that is to hold the oil. There is still very little known
about the manner in which hydrocarbons formed in argillaceous source rocks migrate and
accumulate in porous reservoirs. Some evidence exists, however, that the clay mineral-
kerogen complex plays a role in modifying hydrocarbon compositions during migration.
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Some time ago, Legate & Johns (1964) used gas chromatography to measure the affinity of
montmorillonite clays for hydrocarbons of differing polarity, and suggested that during the
migration of petroleum chromatographic effects might modify their composition. Young &
Melver (1977) developed the chromatographic technique further and convincingly showed
that they could in numerous instances predict oil compositions following migration, where
the clay-kerogen complex was the chromatographic agent. "Organo-pores" proposed by
Yariv (1976) could be migration paths for hydrocarbons in argillaceous source rocks.

A number of investigators (Powers, 1967; Burst, 1969) have focused attention on the late-
stage dehydration which accompanies smectite to illite transformation during burial
diagenesis. This firstly suggests that the replacement of kaolinite by illite or direct
precipitation of illite indicates fluid flow where the chemical potential of the fluids is in
disequilibrium within the reservoir sandstone. The existence of secondary illite does
indicate aqueous fluid flow and thus can be used as indices of fluid movement and hence
signal the possible hydrocarbon migration. Secondly, it indicates that the water release
could create a flushing action responsible for the migration of petroleum hydrocarbons from
the source rock through the migration paths to nearby reservoirs. Also, the water liberation
can build up abnormal pressures in less permeable sediments, which can provide migration
dynamic for hydrocarbons (Figure 2 C, E).

Abnormal Illite distribution has been used as an index to determine if certain
rocks/strata/areas are a hydrocarbon migration pathway and its conducting capability (Zeng
and Yu, 2006, Jiang et al., 2011). If there shows abnormal illite distribution, it indicates the
hydrocarbon migration happened. The illite abnormal distribution of three wells from three
different structure zones in Liaodong Bay Sub-basin of Bohai Bai Basin in Northeast China
in Figure 3 suggests hydrocarbon migration happened in these three areas represented by
three wells, but the conduiting capabilities are different in the three areas based on different
abnormal magnitude of illite content. At the same depth of these three wells, illite content of
well JZ25-1s-1 is the highest and the illite content of well JZ21-1-1 is the lowest, which
indicates the hydrocarbon migration in the JZ25-1s-1 well area is the most active and the
JZ21-1-1 area is the relatively least active area regarding to hydrocarbon migration (Figure
3). This result is consistent with current oil discoveries: The Liaoxi uplift (represented by
well JZ25-1s-1) to the west of Liaodong Bay contributes to the most reserves in the Liaodong
Bay sub-basin. Tan-Lu strike-slip area (represented by well JZ23-1-1) is emerging as the
second largest hydrocarbon migration and accumulation area (Jiang et al., 2010, 2011).
Almost no oil and gas discoveries in the rest area of Liaozhong depression (represented by
well JZ21-1-1) away from strike-slip zone and Liaoxi uplift so far due to poor hydrocarbon
migration pathway and poor conduiting capability.

The smearing of clay minerals can also prohibit the hydrocarbons’ further migration and
facilitate the hydrocarbon accumulation. When the soft clays are smeared into the fault
plane during movement and they will provide an effective seal . In many cases, the presence
of clay types and their proportions can even indicate if there is oil and gas accumulation.
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Webb (1974) recorded that the Cretaceous sandstones of Wyoming generally contain
abundant authigenic kaolinite where water saturated, but little if any authigenic clay is
found where the sandstones are hydrocarbon saturated. Investigation on clay mineral and
its relationship with gas reservoirs show that the clay mineral percentage and ordering of 1/S
can indicate the hydrocarbon reservoir, e.g., the high content of illite in I/S and higher
ordering of I/S change indicate the gas reservoir interval in Dongfang 6 well from Dongfang
gas field in Northern South China Sea (Figure 4).

2.4. Significance of clay mineralogy for reservoir Quality prediction

Porosity and permeability are the most important attributes of reservoir quality. They
determine the amount of oil and gas a rock can contain and the rate at which that oil and gas
can be produced. Most sandstones and carbonates contain appreciable fine-grained clay
material including kaolinite, chlorite, smectite, mixed layer illite-smectite and illite. These
clay minerals commonly occur as both detrital matrix and authigenic cement in reservoir
sandstones. The reservoirs initially have intergranular pores that are main space for oil and
gas accumulation. When the reservoirs are deposited, their primary porosity is frequently
destroyed or substantially reduced during burial compaction. The clay minerals are usually
assumed to be detrimental to sandstone reservoir quality because they can plug pore throats
as they locate on grain surface in the form of films, plates and bridge and some clay
minerals promote chemical compaction. Not only in sandstone reservoir, the clay content
also greatly accelerated the rate of porosity loss in limestone reservoir (Brown, 1997).
Generally, the porosity loss is mainly caused by the diagenetic process including mechanical
compaction, quartz and K-feldspar overgrowths, carbonate cementing and clay
mineralization. Especially, the diagenetic clay minerals play a very important role in
determining the reservoir quality.

Authigenic clays from diagenesis in the sandstones studied occur as illite, illite-smectite and
kaolinite. They form cements around the detrital minerals. During the period of
intermediate to deep burial diagenesis, Ilite and illite-smectite clays are the first cements.
These early-formed clay films play an important role in reducing reservoir porosity and
permeability during burial diagenesis. For example, pore-filling illite formed mainly at the
expense of kaolinite.The illitic clays usually occur as pore-bridging clays to reduce the pore
space and block the fluid movement by reducing permeability. For clay minerals that
replaced rigid feldspar minerals are easily compacted and can be squeezed into pore throats
between grains. This will also greatly influence the decrease of reservoir quality.

For oil and gas exploration, we expect the occurrences of high-quality reservoirs. Even
though the porosity and permeability of reservoir generally decrease with the increase of
burial depth due the diagenetic processes as state above, other diagenetic processes may
enhance porosity through the forming of secondary porosity including fractures, removal of
cements or leaching of framework grains, preexisting cements and clay minerals, limited
compaction and/or limited cementation. The dissolution of authigenic minerals that
previously replaced sedimentary constituents or authigenic cements may be responsible for
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a significant percentage of secondary porosity. Some micropores are found in various clays
regardless of whether the clay is authigenic or detrital in origin. Also, the existence of clay
minerals does not always mean to reduce the reservoir quality, it may be good phenomenon
to indicate good reservoir quality, e.g., coats of chlorite on sand grains can preserve
reservoir quality because they prevent quartz cementation (Heald and Larese, 1974; Bloch et
al., 2002; Taylor et al., 2004). Sometimes, the higher content zone of kaolinite is indicative of
higher porosity. The reason is that porosity is created when the acid dissolves feldspar to
produce kaolinite (Jiang et al., 2010). These all show the positive aspect to clay authigenesis.

The secondary porosity development and its relationship with clay minerals evolution has
been investigated in many basins (Bloch et al., 2002; Taylor et al., 2004; Jiang et al., 2010).
Let’s use Liaodong Bay Sub-basin in Bohai Bay Basin in Northeast China as example again.
There clearly exist four secondary porosity development zones for the Tertiary strata, whose
depth intervals are 1600-1800 m, 2000-2500 m, 2700-2800 m and 3200-3300 m, respectively
(Figure 2A). These intervals are named 1 upward to 4 informally. Their corresponding
permeability zones have relative higher values (Fig.2B). The secondary and third secondary
porosity zones have relatively larger scale. Correlation between porosity, clay minerals and
Ro demonstrates that the secondary porosity zones are related to the rapid transformation of
the clay minerals and hydrocarbon generation (Ro>0.5%) (Figure 2A, C, D). The relation
between zones of secondary porosity and pressure distribution illustrated that No.3
secondary porosity is just right below the top surface of overpressure. This is probably
because that the overpressure can retard compaction and avoid the excessive porosity
reduction.

2.5. Petroleum emplacement chronology

Petroleum emplacement chronology is one of the frontier research subjects in both
petroleum geology and isotope geochronology. Determining the oil or gas emplacement
ages has important implications for oil or gas genesis and resource prediction. Typical
relative chronology for oil or gas migration, emplacement, and accumulation is established
by petrology, basin tectonic evolution, trap formation, and hydrocarbon generation from the
source rock (Kelly et al., 2000; Middleton et al., 2000). So far, the illite K-Ar and “Ar/*Ar
dating technique hold significant promise in establishing absolute constraints on the
emplacement age of oil and gas.

Since the middle of the 1980s, authigenic illite K-Ar dating has been applied to determine
the ages of petroleum migration in the North Sea oil fields and Permian gas reservoirs in
Northern Germany (Lee et al.,, 1985; Liewig et al., 1987, 2000; Hamilton et al., 1989). The
dating is based on the hypothesis that “illite is commonly the last or one of the latest mineral
cements to form prior to hydrocarbon accumulation. Because the displacement of formation
water by hydrocarbons will cause silicate diagenesis to cease, K-Ar ages for illite will
constrain the timing of this event and also constrain the maximum age of formation of the
trap structure” (Hamilton et al., 1989). Wang et al. (1997) investigated oil or gas emplacement
ages in the Tarim Basin by this technique.
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Recently, illite “°Ar/*Ar dating was considered better than traditional K-Ar dating. Among
the advantages of ““Ar/*Ar dating over traditional K-Ar methods are that stepwise heating
can distinguish contributions from authigenic illite and detrital K feldspar by interpreting
their gas release characteristics. The K-Ar dating and total fusion “*Ar/*Ar dating, however,
yield a meaningless mixing age of the authigenic illite and detrital K feldspar, e.g.,
gradually rising age spectra are obtained by “Ar/*Ar laser stepwise heating of the illite
samples from the Tertiary reservoir sandstones in the Huizhou sag, Pear] River Mouth Basin
in South China Sea. The youngest ages at the first steps are interpreted as being caused by
contributions from authigenic illite, suggesting that the petroleum emplacement occurred
after 11 Ma. The high plateau ages in the high-temperature steps that are rather variable
between the seven samples are interpreted as being caused by contributions of detrital K-
feldspar in the sandstones (Yun et al., 2010).

2.6. Significance for petrophysical property study

The reservoir petrophysics e.g. porosity, permeability, water saturation and hydrocarbon
saturation are the most important properties that define and control qualitatively and
quantitatively the reservoir performance. The minerals present in the reservoir especially
the clay mineral (Moll, 2001) can play the utmost role, which affects both the reservoir
capacity and production because the grain size of clay minerals is generally very small and
result in very low effective porosity and permeability, thus any presence of clay in a
reservoir may have direct consequences on the reservoir properties (Said et al. 2003).

Characteristics of clays that strongly affect their electrical behavior are clay composition,
internal structure, the tremendous surface to volume ratios of most clays and the charge
imbalance along the surface of clay minerals. All these clay mineral manifestations have an
impact upon the interpretative petrophysical parameters by well logging responses. In order
to better understand the well logging response for petrophysical analysis, the type of clay
minerals must be taken into account in reservoir evaluation, e.g., Potassium presence in the
reservoir can increase radiation on Gamma Ray logs. Sometimes, the log response can
indicate the hydrocarbon saturation and clay content, e.g., the high resistivity zone of
resistivity log corresponds to intervals with low water saturation, a more restricted
distribution of diagenetic clay (mainly chlorite) and the low resistivity zone corresponds to
intervals with more widely distributed diagenetic clay and variably reduced permeability
(Nadeau,2000).

3. Traditional clay mineral characterization methods and their
applications for conventional oil and gas exploration

The traditional methods e.g. XRD (X-ray Diffraction), petrographic microscope, XRF (X-ray
Fluorescence) and SEM (Scanning Electron Microscopy) have been widely used for clay
minerals characterization in conventional siliciclastic and carbonate reservoirs for many
years. X-ray diffraction (XRD) is used to provide information on the rock mineral
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composition and type of clay minerals and their content. Petrographic microscope can
identify the reservoir mineralogy composition, pore types, authigenic clays and cements.
Figure 5A illustrates that the Tertiary lacustrine turbidite reservoir in Jiyang Sub-basin of
Bohai Bay Basin is mainly composed of quart (Q), K-feldspar (Fs) and calcite based on thin
section observation. The secondary porosities include the intergranular and intragranular
pores caused by dissolution of kaolinite, feldspar and carbonate cement. Scanning electron
microscopy (SEM) provides wide range of information about the morphology, mineral
composition, distribution and paragenesis of the neoformed authigenic clay minerals,
mechanically infiltrated clays, transformational clays and pedogenic mud aggregates. Since
SEM has a very large depth of field, and can thus yield a three-dimensional image useful for
understanding the structure of a sample. It will help understand the clay mineralogy and
their effect on the porosity, permeability and other reservoir characteristics. Figure 5B shows
secondary pores resulted from dissolution of authigenic kaolinite exist in the similar turbidite
sandstone reservoir as that in Figure 5A in Jiyang sub-basin based on SEM observation.

Figure 5. Photomicrography A illustrates secondary pores resulted from dissolution in feldspar (Fs) and
kaolinite (K) and some intergranular secondary pores by carbonate cement dissolution based on thin section
observation. The sample is from Tertiary lacustrine turbidite sandstone at the depth of 3012m of Well Niu-
110; Photomicrograph B is a Scanning Electron Microscope (SEM) image showing secondary pores from
dissolution of kaolinite the sample is from Tertiary turbidite sandstone at the depth of 2985.3m from well
Niu-35. Both the two wells are both located in in Jiyang Sub-Basin, Bohai Bay Basin, Northeast China.

4. New techniques and their applications for unconventional oil and gas
exploration

Over the past decade, interest in shale gas and shale oil reservoirs increased due to
commercial success of gas-shale plays in North America. In contrast to conventional oil and
gas reservoirs (sandstone and carbonate), these new identified reservoirs typically have very
fine-grained rock texture (dominant grain size <62.5 um), low porosity (<10%) and very low
permeabilities (in nanodarcy range). These rocks used to be considered as only source rocks
with high organic content (= 2% weight fraction Total Organic Carbon, TOC), but now they
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have been found as reservoir rocks through horizontal drilling and hydraulic fracturing. Gas
and oil reserves in the tight shales are huge, US Energy Information Administration (EIA)
released a major report in 2011 that there exists potential 6,622 trillion cubic feet (Tcf) of gas
contained in shales around the world. Despite the commercial importance of shale
formations, their physical properties especially porosity, pore-size distributions and clay
mineral fabrics are still poorly understood. Porosity measurements in shales are complicated
because of the very fine-grained texture, small pore sizes, extremely low permeability, and
the strong interaction of water with clay minerals, which are often important component in
these rock types. Shales exhibit dual-porosity structure and have a more complex pore-
structure than the sandstones and limestones. One of the biggest challenges in estimating oil
and gas transport and storage properties of shales has been a lack of understanding of clay
type, clay content, free-gas content, porosity and their relationships. Brittleness of shale has
an impact on proppant embedment and maintaining hydraulic-fracture connectivity to the
wellbore. High clay-rich shales usually have low Young’s Modulus and, by extension, low
brittleness index and difficult to frac. So clay minerals play key role in shale gas and shale
oil exploration.

Since shales are really fine and tight, estimating reservoir quality in gas shale requires a
thorough understanding of pore structure and pore connectivity. MicroCT is a proven
technique to resolve pore parameters with a resolution in the order of 1 micrometer.
NanoCT technology has resolution down to 200nm but even that may not be enough for gas
shale. Gas shales are known to contain finely-dispersed porous organic matter within an
inorganic matrix. The porosity within the organic phase has pore and pore throat
dimensions typically below 100 nanometers and even down to just a few nanometers, so
new techniques are required to characterize the clay minerals in shales. The recent new clay
mineral characterization methods include but not limited to FTIR (Fourier transform
infrared spectroscopy), QEMSCAN (Automated Mineralogy and Petrography), FIB
(Focused Ion Beam), EDS (Energy-dispersive X-ray spectroscopy), etc.

The advancements of special analytical techniques have made significant progress in clay
mineral imaging, mineral identification and quantifying by using FEI company’s
QEMSCANE®, The clay mineral identification and quantification based on the QEMSCAN®
EDS spectral analysis method is a reliable alternative to conventional methods. Furthermore,
the automated SEM-EDS solution approach provides additional textural information, and
the resulting mineral maps can be used to differentiate, in the case of conventional
sandstone and unconventional tight shale reservoir rocks, pore linings, from granular
mineral alteration products, from intergranular cements, and sedimentary laminations.
Figure 6 illustrates QEMSCAN® mineral and texture maps of representative shale samples
from China. The Silurian shale (Figure 6A) shows no bedding and has relatively low content
of quartz (14.5%) and Cambrian shale (Figure 6B) shows bedding and high content of quartz
(62%), dominant clay minerals of two samples are illite and no smectite detected, which
indicates that among the two samples the Cambrian shale (Figure 6B) is more easier to frac
to produce gas since it has high brittle quartz content and no expandable smectite.
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Figure 6. Slices from QEMSCAN showing the rock fabrics and quantitative mineral composition. A is
from Silurian shale in Chongqing, China and B is from Cambrian shale in Guizhou, China.

The SEM/EDS has also recently been widely used to study shale reservoirs since SEM has a high
resolution and EDS’s chemical element analysis can help identify mineral composition precisely
through the combination of fabric and chemical composition analysis. Figure 7 illustrate this
method to identify that a Silurian shale sample from Sichuan, China is mainly composed of
quartze, albite, dolomite, illite, chlorite and kerogen by using the SEM/EDS method.

For the intuitive visualization of the nano-pore network and rock fabric architecture,
FIB/SEM is the only technology so far with nanometer resolution in 3 dimensions to reveal
the reservoir architecture of broad ion polished shale. The high resolution of a Scanning
Electron Microscope (SEM) combined with the precise cutting capability of a Focused Ion
Beam (FIB) enables rendering of 3D reconstructions with resolution of a few nanometers
(Lemmens et al., 2011). The FIB is capable of removing a controlled amount of material to
create a subsequent 2D section parallel and aligned with the previous one, with inter-section
spacing of the order of 10nm, and having resolution of a few nanometers in the section
plane. Figure 8 is an example of FIB/SEM slice of a Silurian shale reservoir in Sichuan Basin
in China, which renders the intra-organic (kerogen) nano-scale pores and illite presence in
the kerogen. These nano-scale pores can store huge amount of gas in the basin. In this way,
after careful combination of the subsequent slices, a 3D model with nanometers resolution
can be obtained. Figure 9 shows an example of 3D reconstruction for a US Paleozoic shale
reservoir (Zhang and Klimentidis, 2011).
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Figure 7. Mineral composition identification based on Scanning Electron Microscope (SEM) and
Energy-dispersive X-ray spectroscopy (EDS). The sample is from Silurian shale in Pengshui, Sichuan,
China. The upper left and the rest of the slices have the exact same view area under microscope even

though their scales are different.
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Figure 8. The FIB/SEM slice of Silurian shale reservoir from East Sichuan Basin, China. The sample
depth is 2164.8m below surface.
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Figure 9. 3D reconstruction of a US Paleozoic shale core sample from a series of FIB/SEM imaging slices
(from S. Zhang and R.E. Klimentidis, 2011). The red rectangle area with about 200nm in width shows
the nano-pores developed in the kerogen.

5. Summary

The clay minerals are important compositions in source rocks and reservoir rocks that can
generate and store oil and gas respectively. The presence of clay minerals strongly
influences the physical and chemical properties of conventional sandstone, carbonate and
unconventional shale.

Regionally, the clay minerals can be used to interpret and understand such perspectives as
the basin evolution on tectonics, sedimentation, burial and thermal history, to infer the
sedimentary environment and to correlate strata, etc.
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For clay minerals in source rocks, they are important for quality evaluation of the hydrocarbon
generation, expulsion and migration. Clay minerals help concentrate organic matter by
adsorption and subsequently act as catalyst to generate petroleum. The transformation of
montmorillonite to illite and increasing ordering of I/S can indicate the hydrocarbon
generation and expulsion events.

For clay minerals in reservoir rocks, their presence has an important impact upon reservoir
properties such as porosity and permeability and upon those measured physical data that
are used to evaluate reservoir quality. Geologists use clay minerals information to decipher
the burial diagenetic process and reveal the pore type and pore evolution. Even though they
are usually considered to be detrimental to reservoir quality because they can plug pore
throats and can be easily compacted, other diagenetic processes may enhance porosity
through the forming of secondary porosity through providing porosity by clay dissolution,
creating micropores in clays and coating of chlorite on grains to prevent quartz cementation.

The recent emerging shale oil and gas exploration requires state-of-art imaging and
characterization techniques to study the application of clay minerals in the exploration of
this unconventional resource. The modern innovative QEMSCAN® and FIB/SEM/EDS have
been playing key roles in the identification and quantitative characterization of clay
minerals, which help define the best brittle reservoir interval and avoid exploration failure
by choosing the compatible drilling and hydraulic fluids.
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1. Introduction

Clays are naturally occurring, fine-grained minerals under surface conditions mostly as
alteration products with distinct crystal structures. They may show plastic behavior when
mixed with sufficient water and become stiff when dried or cooked. They, having different
physical properties, occur in three modes: (I) surface clays that may be old or very young
sedimentary formations, as suggested by the name, they occur near surface, (II) shales that
have been subjected to pressures to become rigid and layered due to various reasons (e.g.,
tectonic or subsidence-related), and (III) fire clays that are mined out from deeper sites
comparing to the other two and they behave refractory and include less impurities thus they
are physically and chemically more uniform.

Some clay minerals having large surface area, high ion exchange capacity and molecular
grid properties have been pioneered for the development of many new products (Falaras et
al., 2000). Clay-organic complex structures have been a research subject particularly since
1930’s. Results of these researches made benefical contribution to the process of expanding
their use in diverse areas (Smith, 1934). Besides, progresses in analytical techniques that
made possible to determine mineralogical and chemical compositions of the clays
appreciably expedited this process.

Clay minerals are formed as a result of changes in temperature, pressure, geochemical, and
physical conditions (Murray, 1999). Although clay minerals could be resulted from
weathering, sedimentation, burial, diagenesis and hydrothermal alteration processes in
general, occurrence of monomineralic clay deposits is scant. Even in an ordinary clay
sample, several clay species could occur together. Clay minerals can be categorized in 4
subgroups in natural environments: (I) kaolinite group, (II) smectite group, (IIl) illite group,
and (IV) chlorite group (Murray, 1991).

I NT EC H © 2012 Davarcioglu, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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The relationship between heat and pressure with the formation of clay minerals and its
consequence on the formation of petroleum has been an imperative subject for research past
40 years (Perry and Hower, 1970; Dypvik, 1983). In the recent years one of the methods in
the petroleum explorations is organic maturation and the other is clay mineral diagenesis. In
both the clay mineral diagenesis and the organic maturation, clay minerals show structural
changes with the changing temperature, which reveals the degree of metamorphism. The
principal factors including pressure, temperature, depth and burial that are efficient during
the conversion of the clay minerals and hydrocarbon formation and primary migration can
be explained through clay mineral diagenesis and organic maturation (Dunoyer de
Segonzag, 1970; Dypvik, 1983).

Clay mineral characterization could be carried out employing spectroscopic methods for
various purposes in the geological sciences (Heroux et al., 1979). In the literature, there is a
voluminous research on determination of clay mineral chemistry using diverse techniques.
Today, one of the most preferred methods is the FTIR (Fourier Transform Infrared)
Spectroscopy. There is a significant increase in number of studies using this method dealing
with the clay characterization in Turkey (Akyuz and Akyuz, 2003; Davarcioglu et al., 2005;
Davarcioglu and Kayali, 2007; Davarcioglu et al., 2007; Davarcioglu and Ciftci, 2009). One of
such studies is on the quantitative and qualitative characterization of Central Anatolian clay
deposits and diatomites by employing the spectroscopic methods (Kayali et al.,, 2005;
Davarcioglu et al., 2008; Davarcioglu, 2009). The Central Anatolia is one of the richest in
occurrence of clay deposits in the world. Therefore, investigation of these deposits, their
quantitative and qualitative characterization is highly important.

In the XRD measurements, characteristic peak of glycol-saturated montmorillonite is 17 A”
peak (Cradwick and Wilson, 1972). As it disappears, mineralogical conversion of
montmorillonite to illite becomes evident. As a consequence of chemical reactions
depending on increasing depth and temperature, increase of Al and decrease of Si in
montmorillonite’s tetrahedral sheet results in changes in structure and by taking-up K ions
available in the environment due to feldspar alteration, montmorillonite converts to illite
(Weaver, 1960; Suchy et al., 2007). Expelled water as result of this change results in an
increase in salinity of connate water already present in shale. Mg, Si and Ca ions, products
of such conversion, could form minerals like calcite and dolomite facilitated by increasing
temperature and these new minerals deposit within shale. This in turn results in a decrease
in porosity and permeability and an increase in density (Bishop et al.,, 2002; Dunoyer de
Segonzag, 1970).

Montmorillonite, being very sensitive clay mineral to temperature and depth, play an
important role in both oil formation and its migration. As a result of reactions occurring in
association with increasing temperature and depth, montmorillonite converts to illite losing
its structural water (smectite converts to illite in alkaline environment). This conversion
occurs at about 2500-4500 m burial depth and at 100 °C. In this process, K contents of pore
waters show increase. Organic matter requires H ions to become hydrocarbon. H ions
facilitate structural break-down (so-called cracking) of hydrocarbons with large organic
molecules to smaller ones. During the loss of water from montmorillonite, H ion concentration
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Figure 1. Generalized geological map of the Kolsuz-Ulukisla region and its around (adapted from
Kayali et al., 2005).

of the environment raises. Water expulsion takes place at fairly steady and regular
temperature. Some of the layers start losing water at 50-60 °C through 300 °C. About 70-80%
of the water is expelled between 120-160 °C that corresponds to the formation of petroleum.
This study suggests that results acquired from the organic maturation can be obtained
through spectral analysis of structural changes occurring in clay minerals.

One of the geological studies in the Kolsuz area (Ulukisla-Nigde, Central Anatolian) deals
with the clay profiles. In this study, using columnar sections and local observations,
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distribution of clay horizons and their lithostratigraphic relations were investigated (Oktay,
1982). On the other hand, sedimentological, mineralogical and chemical properties of the
clays of the same area were studied in depth later by Gurel (1999). The Kizilbayir Formation
outcropping in the north of Ulukisla basin is the key formation due to its association with
the clay occurrences. The formation starts with gravel-bearing red-green clays at the base,
progressing upward, large-scale cross-bedded conglomerate, sandstone with clay
intercalations occur and conglomerate with mudstone interbeds dominate towards the top
(Demirtasli et al., 1986). Thickness of the formation in the area ranged from 10 to 250 m.

However, no comprehensive study on the qualitative and the quantitative characteristics of
the clays occurring in this area was available to date. Thus, this study aims to investigate
clays of the area using the spectroscopic method and observed structural changes in the clay
structures were interpreted in terms of petroleum formation and their possible use in
petroleum exploration in the area.

2. Experimental
2.1. Preparation of samples

A combined profile representing the constructed profiles chosen for this and nearby area
was shown in Figure 1. The clay samples were taken from three different levels shown in the
litostratigraphic columnar section of a selected locality in the Kolsuz-Ulukisla region (Figure
2). The samples taken from lower level, middle level and upper level labeled as (Kk1), (Kk2),
and (Kk3), respectively. Initially about 1 kg of samples were collected, and 20-40 g splits
were prepared for further analyses. Samples were heated at 110 °C for 24 hours and crushed
to powder and screened using an 80 mesh sieve. Clay fractions were prepared following the
procedure including removal of carbonates, sulfates and organic matter by dissolving,
through washing to acquire stable suspension, and siphoning (to acquire the clay fraction -
<2 micron) (Brown, 1961; Gundogdu, 1982).

In general, the clay minerals contain significant amount of water. Conversely, they contain
less alkaline and alkaline earth elements. Absorption bands due to the water molecules
occupy large spectral fields, the ones critical for identification of clay minerals. Thus in order
to minimize this undesired overlap, samples for the FTIR measurements were prepared
through clay concentration without employing a centrifuge. However for the chemical
analyses, samples were analyzed as bulk sample without concentrating for clay fraction.
Organic matter was removed through boiling in H202 solution and then samples were dried
in an oven at 110 °C for 24 hours.

2.2. FTIR measurements

Samples collected from the study area were prepared applying the disc technique (mixing
~1 mg clay sample with ~200 mg KBr) and put in molds. These intimate mixtures were then
pressed at very high pressure (10 tons per cm?) to obtain the transparent discs, which were
then placed in the sample compartment. Bruken Equinox 55 Fourier transform FTIR
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Figure 2. Generalized litostratigraphic columnar section of the Kolsuz-Ulukisla region (adapted from
Kayali et al., 2005).

spectrophotometer (Department of Physics, METU, Ankara-Turkey) was used for the IR
spectral measurements of these samples with standard natural clay and the spectra were
recorded over the range of 5000-370 cm (% transmission versus cm). Before taking the
spectra measurements of the samples, spectrophotometer was calibrated with polystryrenes
and silicate oxide of thickness 0.05 nm.

The infrared spectra of the illite (IMt-1; Silver Hill, Montana, USA), illite-smectite mixed
layer (ISMt-1; Mancos Shale, Ord.), montmorillonite (SCa-3; Otay, San Diego Country
California, USA), Ca-montmorillonite (STx; Gonzales Country, Texas, USA), Na-
montmorillonite (SWy-1; Crook Country, Wyoming, USA), kaolinite (KGa-1; Washington
Country, Georgia, USA), chlorite (ripidolite, CCa-1; Flagstaff Hill, El Dorato Country,
California, USA), and palygorskite (PFI; Gadsden Country, Florida, USA) known as
standard natural clay minerals (“The World Source Clay Minerals”) were taken (Table 1),
and then the spectra of anhydrite, gypsum, and mixtures of the illitetquartz+feldspar,
quartz+feldspar have been taken for the analyses of subject samples.

Along with XRD (X-ray powder diffraction) analysis, the functional groups in the clay
minerals structures could only be determined through the FTIR spectra. Therefore,
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qualitative and quantitative analysis of the minerals by employing the FTIR spectroscopy is
very important and promising.

1 ISmML Na-mont C r
Assignment Wavenumber (cm!)
v(OH) stretching - 3685 (shoulder)
Inner-layer OH, (Al-O...H) stretching -
v(OH] stretching - - -
v(OH) stretching - - 3627 (shoulder)
v(OH) stretching 3622 3622 3622 -
v(OH) stretching - - - 3565 3546
v(OH) stretching - - E 3434 -
&(water-OH) stretching - - - - 3408, 3266
d(water-OH) scissoring - - - - 1731
&(water-OH) scissoring - - - - 1673, 1640
v(5i-0) stretching - - 1163, 1114
v(5i-0) normal to the plane stretching 1090 1090 -
v(Si-O) planar stretching 1031 1031
v(5i-0) stretching - - - -
v(5i-0) stretching - - - 988
(Al-Al-OH) deformation 916 916 920 - -
OH deformation - - - - 905
(Al-Fe-OH) deformation - - 890 -
(Al-Mg-OH) deformation 832 810 875 -
M-OH stretching - - 805 819
5i-O deformation - - - 766
(Al-O-Si) inner surface vibration 756 - - -
(Al-O-5i) inner layer vibration - 750 - - -
OH deformation 688, 622 622 620 667 -
(Si-O-Al) deformation - - - -
(0-5i-0) bending 525 525 520 528
(0-5i-0) bending 468 468 468 - 469
(Si-O-Mg) deformation - - - -
(0-5i-0) bending - - - - 426

3680 -
3662 -
3627

1020

Table 1. Fundamental vibration frequencies of standard natural clays (I=illite, ISmML=illite-smectite
mixed layer, Na-mont=Na-montmorillonite, C=chlorite, P=palygorskite).

A second treatment was employed only to the clay sample taken from the lower level (Kk1)
to see whether there is a change in the structure of the samples or not due to FTIR spectrum
measurements. For this procedure, HCl, bicarbonate (Na2COs), and sodiumdithonit
(Na25204), and sodiumstrate (NasCsHsO7) liquids were added to the sample to remove
carbonates (mainly calcite and dolomite), amorphous materials and manganese oxides,
which were expected to be present. This mixture was treated in an oven at 120 °C for 24
hours and washed using ethyl alcohol until complete removal of those unwanted
components was achieved. The FTIR spectrum of the precipitate was then taken.

3. Chemical and minerological analyses

The chemical analyses of the Kolsuz-Ulukisla clay samples (dried in an oven at 110 °C for 24
hours) were carried out at the ACME-Canada laboratories by means of XRF-ICP (X-ray
fluorescence spectrometry-Inductively Coupled Plasma) technique. Major oxide
composition of the samples representing the lower, middle and upper parts of the profile
was given in Table 2. These data suggest that the clays of the region are essentially rich in
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S5i02, AlOs, and CaO. Main cause of these enrichments was due to ascending briny and
carbonated waters through capillary actions and precipitation due to transpiration in arid
and semi-arid regions. On the other hand, aluminum enrichment could be due to presence

of either other aluminum silicates (such as K-feldspars) or Al**being in the clay structures.

Lower part (Kk1) Middle part (Kk2) Upper part (Kk3)
SiO2 46.50 48.57 49.12
TiO2 0.66 0.76 0.47
ALOs 12.74 13.97 9.46
Fe203 7.28 8.10 424
MnO 0.14 0.14 0.15
MgO 4.68 5.09 2.90
CaO 9.37 6.94 15.04
Na20O 0.96 1.10 1.72
K20 2.31 2.64 1.65
Cr20s 0.028 0.027 0.029
P20s 0.06 0.15 0.10

Table 2. Major oxide composition of the studied profile (in %).

XRD measurements were employed to determine the mineral phases included in the same
samples (Siemens D-5000 Diffract AT V 3.1 diffractometer, CuKa radiation A=1.54056 A" and
0.03 steps; General Directorate of Mineral Research and Exploration laboratories-MTA,
Ankara-Turkey). According to the XRD measurements (Figures 3 and 4), subject clays are
found to be composed of abundant chlorite (45%), illite (32%), quartz (20%), smectite (3%),
feldspar, calcite, and trace quantities of palygorskite and Fe-oxide minerals. In the Kkl
lower part of the clay profile (Figure 2), amount of quartz tend to decrease while smectite,
illite and chlorite show significant increase. Whereas at the top of the Kk1, just opposite of
this abundance trend was observed and palygorskite was totally absent.
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Figure 3. XRD pattern of the clay samples belonging to the lower level (Kk1) of Kolsuz-Ulukisla clays
(Q=quartz, F=feldspar, I=illite, ML=mixed layer clay, C=chlorite, S=smectite).

45



46 Clay Minerals in Nature — Their Characterization, Modification and Application

= L __m m B L ———
- EE' E | | : I
| | |

A

s
Ine oL MR W .
!\\u. [

bt At

7

]

7
!

i R PR
Tt e ]

[T 11
7

Ve s

Figure 4. XRD patterns of the clay samples from the lower level (Kk2) and the upper level (Kk3) of
Kolsuz-Ulukisla clays (Q=quartz, F=feldspar, I=illite, ML=mixed layer clay, C=chlorite, S=smectite).

DTA (Differantial Thermal Analysis) and TGA (Thermogravimetric Analysis)
measurements have been carried out for the determinations of the thermal behaviour of the
clay samples (Figure 5). Measurement were carried out in the MTA Labs (Ankara-Turkey)
using a Rigaku Thermal Analyzer Ver. 2.22EZ (SN#39421). Here smectite peak falls in the
same field with the one of chlorite. Minute endothermic peak of smectite occurs in between
~100-250 °C, and second endothermic peak appears at ~700 °C and shallow
endothermic/exothermic peak is observed at ~800-900 °C. Best observed endothermic peak
of chlorite in the DTA-grams is the one observed between 500-600 °C. This peak may shift
toward ~700 °C due to the iron content. Subsequently this peak may fall in the same interval
with smectite’s peak at ~700 °C. Chlorite’s exothermic peak occurs at 750 °C (Kok, 2006; Kok
and Smykatz-Kloss, 2009; Yener et al., 2007).

TG  TG-DTAH3T636 Kkl DTA
5
]
o
o 40
o W
-
! o M=
= 9358 W i H
LN [Tl Mmwg =
£ o 57 K 1783 p\ *min'g | 0=
“Eh 28] L5 A ——— |
2 s DTA . d, B
T T =
e . 10043
-------------- T3 42238 WV e minfg =] -10
S0
sl =282 v g - I
-4n ) - -3
v mey iy
15 1 1 1 1 1 1 1 1 1 1 40
0100 200 00 40 300 G600 700 00 ULl 1000 1059

Temperature (C)

Figure 5. DTA-TGA measurements of the Kolsuz-Ulukisla clays.
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4, Petroleum formation

In the recent years, one of the methods used in petroleum explorations is organic maturation
and the other diagenesis of clay minerals. Results acquired through the first approach could
be attained using the second method. Fundamental nature of the second approach can be
explained as follow: clays that immature or recently deposited may contain smectite
(montmorillonite), illite and kaolinite depending on the source area. With subsidence, these
minerals lose their water content and are subjected to mineralogical transformations.
Smectite converts to illite within the range of oil formation temperature (60-150 °C) (Weaver,
1960; Dunoyer de Segonzag, 1970). When the upper limit of this range was approached,
kaolinite and illite convert to mica, if ferromagnesian minerals are available in the
environment; these minerals transform to chlorite instead (Figure 6). Consequently, clays
can give an idea about be the degree of maturation of a sample of interest. For the fields
where oil explorations are carried out, clays can be used to answer following questions: (I)
which layers has source rock potential, their regional coverage and relationship with the
paleogeography, (II) source rocks occurring what part and depth of the basin and which
time interval have enough maturation, (III) when and how the oil migration occurred, (IV)
the relationship with oil formation and oil migration (Hunt, 1995). However, time and
duration plays an important role in this process accompanying the mineralogical
transformations.

Mineralogical changes of the clay minerals are closely related to the temperature and water
chemistry of the environment. Thus, they reflect better and more precise transformation
temperature (paleotemperature) of the clay minerals. Reflectance degree of vitrinite, a major
organic component of coals, shows increase with increasing degree of metamorphism
(Teichmuller, 1987). In diagenesis stage, reflectance degree of vitrinite is 5%. In this stage,
organic matter is not mature enough to produce oil and the second stage is catagenesis
(boundary is 2%). While oil formation takes place between 0.7% and 1.3%, wet gas occurs
between 1.3% and 2%. Lower boundary of metagenesis is 4%, under which metamorphism
starts (Bozkaya and Yalcin, 1996).

During diagenesis and metamorphism, mineralogical changes occurring in the clay
structures give extent of such events of the sedimentary rocks. Structural characteristics and
parameters of the clay minerals are not unique for all depositional environments. However,
depositional environments are characteristic to formation of certain clay minerals. Major
parameters of sedimentary environment including pressure, temperature, subsidence, time,
proton-electron concentration and metal-ion concentration greatly affect the clay mineral
structures (Bozkaya and Yalcin, 1996). Most of the petroleum source rocks contain various
clay minerals. Source rock properties like porosity and permeability vary depending on
variety, abundance and distribution of the clay minerals (Bayar et al., 1987).

In the study area, the Kolsuz clays are loosely cemented with calcite, silica and Fe-oxides.
Gravels are of various origins including sandstone, greywacke, claystone, limestone, marl,
volcanics, granodiorite, gabbro, quartzite, chert, and serpentinite (Kayali et al., 2005).
Petrographic investigations on thin-sections of 12 samples from the Kizilbayir Formation
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Figure 6. Diagenesis of clay minerals and oil formation zones in terms of temperature (adapted Weaver,
1960; Suchy et al., 2007).

indicated prevalent presence of feldspars, quartz, calcite, lithic fragments of volcanic,
magmatic and metamorphic rocks, of carbonates (e.g., limestone and marl) and clastic
sedimentary rocks (e.g., sandstone, claystone and greywacke) cemented chiefly by calcium
carbonate (Gurel 1999; Kayali et al., 2005).

5. Results and discussions

The clay samples were taken from three different levels shown in the litostratigraphic
columnar section of a selected locality in the Kolsuz-Ulukisla region (Figure 2). The FTIR
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spectra of the samples taken from lower level (Kk1), middle level (Kk2), and upper level
(Kk3) of Kolsuz-Ulukisla (Turkey) clay profile are given in Figures 7 through 9, respectively.
Interpretation of the observed vibrational bands in these samples were carried out by
comparing with those found in the world clay standards with known fundamental vibration
frequencies for illite, illite-smectite mixed layer, Na-montmorillonite, chlorite (ripidolite),
palygorskite (Table 1) and the other clay standards. Results are listed in Table 3.
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Figure 7. FTIR spectrum of the clay sample taken from the lower level (Kk1) of Kolsuz-Ulukisla.
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Figure 8. FTIR spectrum of the clay sample taken from the middle level (Kk2) of Kolsuz-Ulukisla.

As seen from Table 3, all of the samples belonging to the lower, middle, and upper levels of
Kolsuz-Ulukisla (Turkey) clay profiles Kk1, Kk2, and Kk3, respectively, include illite, illite-
smectite mixed layer, Na-montmorillonite, chlorite, palygorskite, calcite, feldspar and quartz
minerals.

The FTIR spectrum of the sample representing (as summarized in FTIR measurements)
lower level (Kk1) of Kolsuz-Ulukisla profile has been taken to see effects of the heat
treatments on the structure of the subject samples (Figure 10). The assignments of the
vibration frequencies of this spectrum were carried out following the same procedure
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Figure 9. FTIR spectrum of the clay sample taken from the upper level (Kk3) of Kolsuz-Ulukisla.

Kk1 Kk2 Kk3
Assignment Wavenumber (cm) Mineral
v(OH) stretching “shoulder” - - 3680 Mlite
Inner-layer OH, (Al-O...H) stretching - - 3680 Na-Montmorillonite
v(OH) stretching - - 3660 Chlorite
v(OH) stretching 3622 3622 3622 Mllite/Na-Montmorillonite
v(OH) stretching 2515 2515 2515 Calcite
&(water-OH) scissoring 1731 1731 1731 Palygorskite
8(water-OH) scissoring 1673 1673 1673 Palygorskite
v(5i-0) normal to the plane stretching 1090 1090 1090 Illite-smectite mixed layer
v(Si-O) planar stretching 1031 1031 1031 Ilite-smectite mixed layer
v(5i-0) stretching 988 988 988 Chlorite
(Al-Al-OH) deformation 920 920 917 Na-Montmorillonite
OH deformation 905 905 905 Palygorskite
M-OH stretching 819 819 817 Chlorite
M-OH leaning 805 805 805 Na-Montmorillonite
v(OH) stretching 798 798 798 Quartz/Amorphous Silica/Feldspar
v(OH) stretching 788 788 788 Quartz
v(OH) stretching 697 697 697 Quartz
OH deformation 620 620 620 Na-Montmorillonite
(Si-O-Al) deformation 543 543 543 Chlorite
(O-5i-0) bending 520 520 520 Na-Montmorillonite
(0-Si-0) bending 468 468 468 Na-Montmorillonite/Palygorskite/llite
(Si-O-Mg) deformation 441 441 441 Chlorite

Table 3. FTIR spectrum analysis results of Kolsuz-Ulukisla clay samples Kk1, Kk2, and Kk3 belonging
to lower, middle, and upper levels, respectively.

applied to the spectra of the other samples and the results are given in Table 4. When results
listed in Table 4 interpreted with the one in Table 3, it can be seen that the sample, Kk1, is
composed of illite, calcite, chlorite, feldspar and quartz. Band assigned as vibrational
frequencies for Na-montmorillonite and palygorskite were not observed after the thermal
treatment. However, for illite at 916 and 833 cm™ (Al-Mg-OH) deformation and at 525 and
470 cm™ (O-Si-O) bending frequency bands were observed after the thermal treatment. This
bands are resulted due to re-arrangement of Al and Mg atoms within the crystal structure
during the thermal treatment (Bishop et al., 2002).
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Figure 10. FTIR spectrum of the clay sample Kk1 after thermal treatment.

Kk1
Assignment Wavenumber (cm) Mineral
v(OH) stretching “shoulder” 3680 Mllite
v(OH) stretching 3662 Chilorite
v(OH) stretching 3622 Tllite
v(OH) stretching 3566 Chlorite
v(OH) stretching 3435 Chlorite
v(OH) stretching 2515 Calcite
v(5i-0) normal to the plane stretching 1090 Illite
v(5i-O) planar stretching 1031 Mllite
(Al-Al-OH) deformation 916 1llite
(Al-Mgl-OH) deformation 833 Illite
M-OH stretching 817 Chlorite
v(OH) stretching 798 Quartz//Feldspar
v(OH) stretching 788 Quartz
v(OH) stretching 697 Quartz
(Si-O-Al) deformation 543 Chlorite
(O-5i-O) bending 525 Mlite
(O-5i-O) bending 470 llite
(5i-O-Mg) deformation 443 Chlorite

Table 4. Results of the FTIR spectrum analyses of the clay sample (Kk1) from Kolsuz-Ulukisla (Turkey)
after thermal treatment.

Only v(5i-O) strecthing at 988 cm™ among the vibrational frequencies of chlorite at 3660, 988,
819, 543, and 441 cm! was not observed after the thermal treatment. This is because that the
organic molecules are forced into silicate layers during the thermal treatment. XRD data
acquired from preheated sample (Kk1) between 350-550 °C, indicated that chlorite and illite
peaks were not shifted but smectite peak was shifted towards 10 A°. In the same sample,
kaolinite should also be present, beacuse the 7 A® peak dissappears at 550 °C. Based on FTIR
and XRD (even at slow scan) measurements, kaolinite was never observed. Thus we
conclude that Kk1 does not include any kaolinite. The v(OH) stretching vibrations of quartz
at 798, 788 and 697 cm and v(OH) stretching vibration of calcite at 2515 cm™! remain the
same after the heat treatment. As a result from FTIR analysis, we can say that the framework
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of silicate (T-O-T) structures of Kolsuz-Ulukisla-Nigde (Turkey) clay minerals samples has
not been destroyed.

Before the thermal treatment, in Kk1 and Kk3 samples, palygorskite’s only bands including
d(water-OH) scissoring vibrational bands at 1731 and 1673 cm™ (Frost et al., 2001), OH
deformation bands at 905 cm? and (O-5i-O) bending vibration band at 468 cm™ were
observed. While illite’s v(OH) stretching vibrational band appears as shoulder at 3680 cm!
in Kk3 clay samples, despite (O-5i-O) bending vibration band at 468 cm™ observed in Kk1
and Kk3 samples was assigned as belonged to palygorskite, it could belong to Na-
montmorillonite’s (O-5i-O) bending vibration band. Similarly, vibration band observed at
3680 cm in Kk3 sample was assigned as v(OH) stretching vibration band, it belongs to
inner-layer OH, (Al-O...H) stretching band (Farmer and Russell, 1964). In samples Kk1 and
Kk3, when bands assigned at 3622, 920, 805, 620, and 468 cm™ were evaluated altogether;
they appear well-matched with fundamental vibration bands of Na-montmorillonite
standard. But vibration band at 920 cm? of the Na-montmorillonite standard clay was
observed at 917 cm™ in Kk3 sample.

6. Conclusions

1. Clay minerals of selected profiles in Nigde-Ulukisla area were determined both by the
XRD and the FTIR.

2. Structural evaluation of these clay varieties was carried using the FTIR spectra.

Structural changes could be determined effeciently by the FTIR.

4. Findings are evaluated with the known data for depth-temperature-clay mineral
transformations during burial processies in sedimentary basins.

5. Study area has potential to produce hydrocarbons as indicated by the presence of
certain clay species.
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1. Introduction

Nuclear energy is widely used for production of electricity. There are several advantages of
this type of generation of electric power, but severe drawbacks also emerge. These
difficulties should be eliminated for appropriate large-scale utilization. One of these
difficulties is the formation of long life-time isotopes during the nuclear reactions (fission
and capture of neutrons). The life-time of some of these products reaches even the 10°-10°
year range. There are procedures, by which these long life time isotopes can be extracted or
eliminated (reprocessing and transmutation), but finally, some isotopes are still remaining
with significantly decreased activity with life-times in ca. thousand years range.

The reliable and safe deposition of these products should be elaborated. The long-term
geological disposal is considered as a suitable option for the isolation of these isotopes from
the biosphere during their long life-time. Properties of various types of host rocks were
evaluated from this aspect, crystalline (granitic), clayey or even salt types among them.

The clayey host rocks exhibit some andvantages in this respect, namely they may have
significant capacity for sorption and ion exhange, both processes considerably may retard
the migration of dangerous components. Some of these formations have been characterised
in very details — even underground laboratories were established in them for their in situ
characterisation (Callovo-Oxfordian formation in France, Opalinus Clay in Switzerland, and
Boom Clay in Belgium).

The issue is about to be also addressed in Hungary. C.a. 40 % of electricity is procuded in a
nuclear power plant since the 1980’s. A significant amount of collected spent fuel has been
stored in temporary repositories since then. The procedure for final deposition should be
elaborated and implemented within the next 20 — 30 years.

I NT EC H © 2012 Lazér and Méthé, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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A preliminary screening had been performed, the Boda Claystone Formation has emerged
as a potential media for deposition. This formation is an extensive one — samples collected
from different parts of it have been characterised. An underground research facility had
even been established in it in a depth of 1050 m from 1994 - 1999. A detailed
characterization of the formation has been performed based on the data collected from
results of measurements performed in this facility.

The intention with the recent chapter is to provide an illustration and to present some aspects
of the evaluation on the potential possibilities of the application of clayey geological media for
storage of wastes of nuclear origin. Following this short introduction in the second part an
overview is given on the types and most important long life-time isotopes, and on the ongoing
processes which might occur during the several thousand years of operation time of the waste
storage facility. In the third part a short account is presented on the properties of clay minerals
which influence their behaviour as an isolation media. Results of some specific evaluations of
clays (Callovo-Oxfordian, Opalinus) are also presented in this part to provide an overview and
comparison. In the fourth part a more detailed description and characterisation of Boda
Claystone is presented. Its formation, components, characterisation of clay minerals is
described in more detail. Special attention is devoted to measurements correlated to isolation
properties of this media against migration of long life-time isotopes.

2. Nuclear wastes

The production of nuclear wastes is connected primarily to generation of electricity in
nuclear power plants. Other sources of nuclear wastes are common as well. For example
those radionuclides which had been used for therapeutical or industrial applications. These
latter radioisotopes can be generated by neutron or proton irradiation of certain stable
isotopes, they usually have short half life-times (less than ca. 30 year), and their amount is
comparatively small. The nuclear wastes usally are classified to two main groups: to low-
level and to high-level wastes. The criteria for the distinction are the half-life and the
amounts of the radionuclides present in them. The main components in the low-level wastes
have short half life-times, they can be stored in ground surface facilities, their operation time
is expected to elapse for a few hundred years. In contrast, the radioisotopes in the high level
nuclear wastes have considerably longer half life-time (up to the range of 10> — 10¢ year).
Construction of underground facilities is considered for the final disposal as a reliable mean
to maintain an appropriate isolation from the biosphere for the long time interval necessary
for the decay of the critical isotopes [1]. One option for the disposal of high level wastes can
be the utilisation of clays as isolating media. Prior to discussing some properties of clays it is
worth to discuss some properties of the high level wastes in more details with particular
respect to their possible interactions with clayey minerals occuring during the long
operation time of the disposal facility.

2.1. High level nuclear waste

In conventional nuclear reactors the energy is produced by splitting 2°U nuclei with neutron
irradiation. In a conventional fuel type the U content is enriched to ca. 4 % from the
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natural 0.6 — 0.8 per cent in the ores. The rest of the fuel is 28U (both isotopes in oxide form).
The fission of the heavy U nucleus results in formation of two novel nuclei, and a few
neutrons are also emitted which may propagate the process. A small difference exists
between the masses of the starting and final products. The corresponding energy equivalent
of this difference is the generated heat in the final gross balance. A variety of nuclei are
produced in the fission, a number of them is instable and will be stabilized in later processes
by emitting B or y radiation. There are several instable nuclei among these fission products
which have considerably long half life-time (Table 1.) Further on, in the nuclear reactors not
only fission but capture of neutrons may also proceed. For instance 25U may capture one
neutron and the with simultaneous B radiation 2’Np forms. This nucleus is also instable and
emits one electron by forming #°Pu. This pruduct is still instable but is has a much longer
life-time. Plutonium can also be used as a reactor fuel, but for splitting of *Pu nuclei other
type of reactor conditions are optimal [2].

Isotope Half-time Rel % B energy
10° year keV
PTc 0.211 6.1 292
BZr 1.53 54 90
135Cs 2.3 6.9 210
129] 15.7 0.8 198

(Remark: the relative abundance depends on the extent of the burnout of the fuel)

Table 1. Some typical long life-time fission isotopes produced in nuclear reactors

A large variety of other short half life-time isotopes are also formed, they influence the
working conditions of the reactor. After a certain period of the usage (3-4 years) the fuel rods
are removed from the reactor. They can be stored afterwards without any further utilization.
They are highly radiating, a great amount of heat is still generated in them (without exposed
them to neutron irradiation). Thus, after operation they are usually kept in a water pool,
then in other temporary storage facilities. But, as was shown above, isotopes with long half
life-time are present in them, their final safe disposal should be provided in some manner.
This type of the straight utilization of the nuclear fuel is called open fuel cycle.

Another option is the reprocessing. The used fuel still contains 2°U amounting to ca. ~ 1 %,
and it is also worth to extract the newly formed transuranic isotopes (eg. 2°Pu) which can be
utilized as a nuclear fuel (although in modified type of reactors). During the various steps of
the reprocession the amounts of the long life-time isotopes are significantly decreased, but
they are still present in significant amounts at the end of the procedure (Figure 1). This
version of utilization is named closed fuel cycle. It is seen that the activity is rather high,
even after c.a. one million years of storage the tera-Becquerel level is still maintained.

The transmutation is also a further possibility to reduce the amounts of the radiounuclides
present in the high level waste. Specific controlled nuclear reactions can be initiated by
irradiating different target isotopes with accelerated electrons, protons, etc. and the energy
of stabilisation from the ustable target nuclei can also be extracted. This process is very
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Figure 1. Activity of high level waste remaining after processing of 1 ton spent fuel in dependence of
time (reprinted with permission from [1].)

sophisticated, should be performed in different manner with each isotopes separately, thus
its practical application cannot be expected in the near future.

This brief overview can be summarised with the conclusions that long life-time isotopes are
byproducts in generation of electricity in nuclear power plants. The life time of some of
these isotopes may expand to even 10°years. The amounts of this isotopes can be decreased
by various procedures but they cannot be fully eliminated.

Due to their long life-time these waste isotopes should be isolated from the biosphere. By
commonly accepted recent considerations a perspective solution might be the disposal in
geological media, i.e. host rocks.

2.2. Disposal and subsequent possible processes in host rocks

Two types of barriers are usually mentioned with respect to the geological disposal, the
engineered and the natural ones. The engineered barrier comprises the immediate
capsulation (metal cannister), the backfill material (high sorption capacity porous material —
e.g. bentonite, etc.) and the strengthened wall of the shaft (made of concrete) in which the
cannisters are situated. The natural barrier is the geological media. In the first few hundred
years the engineered barrier should sustain the isolation from the long half-life isotopes.
During this period the components of this barrier will probably lose their ability for
protection due corrosion and other hydrothermal processes, Thus the role of the natural
barrier will probably gain emphasised importance later on [3].
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Several processes may take place in the working cycle of a disposal site. It should be taken
into account that the extent of decaying nuclei is large, thus, a significant amount of heat is
generated simultaneously. Further on, most of the design schemes consider deposition sites
below the ground level, thus presence some amount of water cannot be excluded either. In
addition, due to radiation effects, free oxidizing or reducing radicals may also form, (e.g.
‘OH from water).

The situation can be illustrated for example with the case of neptunium on a Pourbaix (Eh-
pH) diagram [4]. At the closure of the disposal site the environment is exposed to air, the pH
of the ground water (in equilibrium with the CO: of the air) is c.a. 5.5 (position A in Figure
2.). After the closure the site is isolated, the pH approaches to the mean of the rock (usually
it is between 7 and 8). As the time elapses, the concrete sealing around the engineered
barrier starts to erode, the pH in the close environment may increase to ~10. Later, very
slowly the system may approach the state charcterising generally the whole isolating rock
host (Eh-0.1 V, pH 7.5 can be estimated, see Figure 2).
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Figure 2. Schematic representation of the change of conditions on the Eh-pH diagram of Np during the
life-time of a disposal site. Processes start with the construction, from a stage marked with A. (the base
Eh-pH diagram is taken from [4])

It is seen in Figure 2 that Np is present as a cationic species in NpO:* form at the start, which
can be sorbed in aqueous media on the components of the rock minerals. However, the
speciation changes with the increase of pH, the anionic Np(OH)s component will be
dominant later. This component probably will migrate easily due to its negative charge.
Having migrated for several hundred years NpO(OH)2 component may be formed at the
end, which is neutral, thus it will precipitate.
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The simplified example may already provide an impression that the speciation and the pH
dependence may be different for the various long half life-time isotopes. The real situation is
far more sophisticated: the temperature may reach 80 — 100 °C (depending on the time
elapsed, and the depth), the hydrostatic pressure may be in the 50 — 80 bar range (depending
on the depth), various interlinked geochemical processes may occur under these conditions
which influence the spreading of isotopes in the host rock (for further details see e.g. in [5]).

2.3. Simple practical approaches to estimate the speed of migration

The speed of migration of the various long half life-time components is a crucial factor for
the evaluation of the properties of the perspective host rocks. In the first approach the
migration of isotopes can be considered as a cyclic repetition of frequent
sorption/desorption steps in a slowly flowing aqueous media. The strength of sorption can
simply be characterised by the distribution coefficient, Ka.
Iy-1, V

K;="9_"¢.= (1)
I, m
where [-s are concentration (activity) values of the studied isotope, Io in the starting solution,
Lo in equilibrium, after having kept the m mass of sample in contact with V' volume of
solution.

The Ka values of various rock samples can easily be obtained, the concentration change of
the particular ion should only be determined experimentally. Consequently, K« values are
widely used. Further on, the speed of the migration relative to the slowly flowing media can
also be estimated by using the K« values:
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where vnais the velocity of migration of the given radionuclide, vgw is the velocity of the flow
of the ground water, ¢is the porosity, pis the density and K« is the distribution coefficient of
the isotope in question.

Equation (2) has been widely used since Ka values can easily be measured. However it
should be used with particular precaution. Namely, it should be taken into account that:

- The structure of the powdered rock is different from the real one — usually not all the
mineral components are contacted with the aqueous medium in the real case.

- The mass ratios of the liquid solution related to the amount of the solid rock are
distinctly different in the Ka determinations and in the real situation. In the former
instance the liquid component is applied in large excess (at least ten-fold), whereas the
conditions in the reality are the opposite, usually only a few per cent of pore water is
present in the rocks.
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- Equation (2) provides a relative, retention velocity. It may occur that the flow is
practically zero in the rocky media, whilst the simultaneous diffusion takes place still.
Under these conditions Eq. (2) cannot be applied at all.

There are other simple experimental methods by which more reliable determination of the
crucial constants can be provided. Rock samples preserved in conditions closer to the
natural ones are suitable for this type of studies, obtained for example from bore cores. One
simple type of these more reliable measurements is the so-called , break-through” type. Two
compartments are separated with the studied borecore sample in the measuring cell. One
compartment contains the very dilute solution of the studied tracer isotope (in ground
water), and the break-through (i.e. the appearance) and the rate of further increase of its
concentration is followed in the ground water in the other, opposite compartment. If the
trace isotopes are used in really low concentrations the experimental conditions may
actually be close to the real, natural ones. In other words the applied small concentration
gradient hardly modifies the natural conditions. On the other side, however, rather long
time intervals are necessary to perform these studies (several hundred days). From these
measurements the effective diffusion constant (Def) can directly be determined (Eq. 3)

C'(t)_AD,  aAL
C, VL 6V

, ®)

where Co is the original concentration (activity) of the isotope in a compartment at the start of
the experiment, C'(t) is the concentration measured in the opposite compartment, after having
the break-through started, A is the cross section of the borecore sample, L is the thickness of
the borecore, V” is the volume of the compartment. « is the so called retention factor, its value
is related to the delay of the break-through. Def is proportional to the slope of the increase of
concentration of the studied isotope with time in the originally non-active compartment.

Dy is one of the most appropriate parameters which can be used for the characterisation of
rocks from the point of view of migration of isotopes expected to proceed in them.

3. Application of clayrocks for the disposal

Clay rocks are widely considered as appropriate media for final waste disposal site. Clay
minerals have several advantageous properties for the isolation. They have open, layered
structure in which they easily ad- or chemisorb cations.

3.1. Recent investigations on clayrocks

Due to the advantageous properties of clayrocks significant amount of efforts is devoted to
investigate them as optional disposal sites. For instance, at the Nuclear Energy Agency
(NEA) a working group has been formed devoted to study the scientific bases for stability
and buffering capacity of deep geological waste management systems (,,Clay Club”). This
Club organised several conferences, and the results have been published in workshop
proceedings [6]. Other specific conferences have also been devoted to this topic (see e.g. [7]).
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At present, three clayrock types have been characterised in very detail in Europe. Namely,
the Callovo-Oxfordian formation in Bure, France, the Opalinus Clay in Mont Terri,
Switzerland, and the Boom Clay in Mol, Belgium [8]. Some basic properties and some
characteristic minerals of these clays are summarized and compared in Table 2 [9].
Properties of Boda Claystone are also included for later comparisons.

Clayrock Age Depth ’cl::[ri);. WPZtrei Onrlgftr;c frgifi}cl)n Albite | Calcite
10° year m °C % % % % %
_Boom | 30-36 | 200 | 16 | ~25 | 2-3 | 35-65 | 1-2 | -1
ci;g;);z |18 500 | 40 | -7 -1 ~40 ~1 | -3
Opalinus | 180 | 500 | 8 | ~7 | ~15 | 45-60 | ~1 | 4-8
 Boda | 250 | 1000 | 220 | ~2 | - 35-50 | 4-8 | 3-

Table 2. Certain characteristic data of clayrock types considered as perspective host [9].

Principally, each rock types contain clays in large proportions. Hovewer, in other properties
the clays exhibit significant differences. Their ages, the maximal temperatures experienced
during formation, water contents, characteristic minerals present in them etc. are distinctly
different, attesting their unique history of formation for each of them.

The safety aspects for the construction of disposal sites have also been discussed and
evaluated in detail (see eg. for the Callovo-Oxfordian in [10], for the Oplalinus Clay in [11]).

4. Boda Claystone

There had been considerations with respect to the future disposal sites for high level nuclear
wastes in Hungary, too. Boda Claystone emerged as potential host. A brief comparison of
data shown in the previous Table 2 shows that each clayrock has distincly different
properties — each of them should be characterized specifically. Thus, Boda Claystone was
characterised in the course of various programmes as well. Some results of these
characterisations are summarized below.

4.1. General characterisation

The Upper Permian sedimentary sequence of the Boda Claystone Formation (BCF) is located
in Western Mecsek Mountains, southern Transdanubia, SW Hungary. The Mecsek Mts. is
part of the Tisza Megaunit comprising the basement of the south-eastern half of the
Pannonian Basin [12] (Figure 3). The geological map of BCF is shown in Figure 4.

Following the Variscan orthogeny the continental sedimentation in the Mecsek Mts. began
in the Early Permian and lasted until the Lower Triassic. The BCF is part of this about 2000-
4000 m thick siliciclastic sequence (continental red beds); its transition with underlying
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Cserdi Formation is conformable, while the boundary with overlying strata of the
K6vagosz6lés Formation is usually sharp (Figure 5) [13].

Vindelician Massif

m Moopene i Quaternzry sedimsents Upper Pemisa Boda Claysione Fm, —— Fall
Juiassr and Cretaoeors sodumients dand Lower Pesmian mndsionss, conglemernics and - v y

S Crretncaous voleanie hyalise E— Sarikessiip ueh
Tritisic soufiments {sasdsiona, sisione, evaperites) Nhiom robipaatiis and sciile = Thewst fault
Upper Pemsiza Kisvigieeilds Sandsione Fm, 2~ [epih comour of top of BCF -*—3 Symeline and anthcling

Figure 4. Geological map with depth contour of the top of the Boda Claystone Formation and locations
of studied objects (boreholes: Bat-14, Ib-4, Alfa Drift) after [13]
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Figure 5. Idealised lithological column of Boda Claystone Formation [13]

On the basis of data of boreholes and geological mapping BCF is known in an area of 150
km?2. Within this area approximately 15 km? can be found on the surface in W Mecsek
Mountains (see Figure 4). Two distribution areas of BCF are known in W Mecsek
Mountains: i/ perianticlinal structure of the W Mecsek Mountains; ii/ so called Gorica block.
In the Gorica block outcrop of BCF is not known; in this block only the borehole Ib-4
recovers sequence of BCF in significant thickness (between 494,2 and 709 m) (Figure 4).

On the basis of the deep drillings total thickness of BCF is estimated to be about 700-900 m
(in perianticlinal structure of the W Mecsek Mountains) whereas according to our
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knowledge its thickness is smaller in the Gorica block (about 350 m). The sediments of the
BCF are dominantly red and reddish brown in color, reflecting the dominantly oxidizing
nature of the depositional and early diagenetic environments [14-18] (Figure 6).

Figure 6. Reddish brown albitic analcite-bearing claystone with interbedded aleurolite (Al) and
dolomite (D) layers (Ib-4, 591-596 m).

The BCF was deposited in a shallow-water lacustrine environment (playa mudflat, playa
lake), under semi-arid to arid climatic conditions. According to our present-day knowledge
the middle thickest unit of the BCF has only one reduce interbedding (greyish black albitic
claystone containing pyrite and finaly disseminated organic matter), its tickness is about 3-4
m. However, several reduce thin layers (green, greenish-gray claystone, siltstone) can be
observed in its lower and upper transitional zones (Figure 5).

On the basis of mineralogical investigation with X-ray diffraction (XRD), differential thermal
analysis (DTA), and electron microscopy (EMP), the main rock-forming minerals of the BCF
are: clay minerals (absolute dominant are illite-muscovite and chlorite; smectite, kaolinite,
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vermiculite and mixed-layer clay minerals were identified in considerable amounts),
authigenic albite, quartz, carbonate minerals (calcite and dolomite) and hematite [16-19]. In
addition, barite, anhydrite, authigenic K-feldspar and detrital constituents (muscovite,
biotite, chlorite, zircon, rutile, apatite, ilmenite, Ca-bearing plagioclase) were always also
identified in trace amounts. The authigenic albite is present as albite cement (typical of all
rock types of formation), albite and carbonate-lined disseminated irregular white voids
(typical of albitic claystone) and albite replacement of detrital feldspars in sandstone beds
[16-17, 19].

Six main rock types of BCF can be defined based on mineralogical, geochemical and textural
considerations, namely, albitic claystone, albitolite, ,true” siltstone, dolomite interbeddings,
sandstone, and conglomerata [13, 15-17, 19,]. Their mineral compositions are shown in
Table 3.

clay authigene .
. ; quartz carbonates hematite
Rock types minerals albite (wt %) (wt %) (wt %)
(wt %) (wt %) ° ° °
albitic
20-50 20-50 5-10 ~10 7-10
claystone
albitolite, <25 >50 <10 10 5-6
true”
siltstone approx. 10 >35 >25 approx. 10 5
_ dolomite 10 30-40 5 35-50 5
interbeddings
sandstone 5-traces 25-40 * 20-30 5-20 5-traces

* detrital feldspar + authigene albite

Table 3. Mineral compositions of the main rock types in Boda Claystone Formation

This mineralogical composition is typical of in perianticlinal structure of the W Mecsek
Mountains. The principally dominant rock type of the formation is albitic claystone.

BCF recovered from borehole Ib-4 (Gorica block) differs in its mineralogical composition.
This succession of BCF contains abundant analcime in significant amounts in addition to the
above minerals, in a range between 8 and 25 wt %; (typical examples are shown in the table

below).
clay authigene . .
Samples . i analcime quartz carbonates | hematite
minerals albit
Ib-4
wt %
527,2m 42 8 12 13 18 6
538,7 m 34 7 16 28 10 5
560,64 m 43 16 20 3 10 8

Table 4. Mineral compositions of typical samples taken from Ib-4 borehole in Gorica block
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In the Gorica block the same rock types can be defined based on mineralogical, geochemical
and textural considerations as in the perianticlinal structure of the W Mecsek Mountains.

The Boda Claystone Formation is divided into three main sections [13]; for the
characterization of the units see Figure 5. In the Middle Cretaceous on the basis of thickness
of overlying strata in perianticlinal structure of West Mecsek Mts. the BCF was located at
least at 3,5 to 4,0 km burial depth. Data determined in area of the perianticlinal structure of
the W Mecsek Mountains point to late or deep diagenesis, max. 200-250 °C according to illite
and chlorite crystallinity as well as vitrinite reflectance [17]. Higher illite and chlorite
crystallinity is determined in core samples of the deep drilling Ib-4 (Gorica block),
suggesting that BCF in Gorica block underwent lower grade diagenesis.

There were various stages of exploration and detailed characterisations of BCF. For a period
even an Underground Research Laboratory was established and had been maintained in a
depth of 1050 m below ground level (1994 — 1998). The results of studies performed there are
collected in various reports. The data had been analysed from the aspects of criteria for
establishing a waste disposal site, the main conclusions of them are compiled in a Digest
[20]. The most important conclusions were presented also at one of the ,Clay Club”s
conferences [21].

4.2 Specific characterisations - samples

In a further stage of investigations selected Boda Claystone samples were used for
measurements performed by applying directly radionuclides to obtain informations on the
isolation properties of the rock against long half life-time isotopes.

Sorption and diffusion studies were performed by using fission isotopes and one of the most
relavant acitnoide element, uranium. Among others samples from Delta-9, Bat-14 and IB-4
borecores were selected.

Delta-9 deep drilling is located in Alfa Drift at the 1050 m depth below ground level, it is
nearly a horizontal borehole; Bat-14 was drilled near the outcrop of BCF, here the formation
is covered by 25,5 m thick Quaternary sediments, and Ib-4 borehole starts also from the
surface in the Gorica block, and the studied samples were collected from a distant depth 570
m (for their locations see Figure 4). Some specific studies on these samples are presented in
the following paragraphs, the results of measurements with radionuclides are presented
afterwards.

4.2.1. High resolution SEM with electron diffraction

These measurements were performed on samples from borehole IB-4 (570 m). A
SEM/Electrondiffraction image is shown in Figure 7 from a small area of the sample. The
corresponding general mineral composition is shown in Table 5.

Figure 7 illustrates the structure of the sample. Very small crystals originated from the
secondary processes form the consolidated clay rock. It is also shown that within small
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distances the composition may change significantly (see e.g the lower right corner — it is
more abundant in analcime than the rest). Parallel porosity measurements were also
performed from the same regions. It was found that the porosity at the analcime rich bottom
right corner is ca. 1.5 %, whereas in the upper part is 3.5 %. In contrast the portion of calcite
is larger in the top regions

I5_mal 1

P
Figure 7. Mineral composition obtained from a SEM & electron diffraction image of a 5 x 2.5 mm
section from IB-4 (570 m) sample (IS mel: mixed illite-smectite. The image was recorded in ERM,
Poitiers, France)

. Content
Mineral (%)
Mlite -
muscovite 33
Chlorite 2
Smectite 2
Analcime 23
Albite 12
Quartz 11
Calcite 9
Dolomite 1
Hematite 7

Table 5. Average mineral composition of the IB-4 (570 m) sample determined by quantitative XRD
analysis
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4.2.2. Mossbauer spectroscopy

Oxidation and coordination states of iron can conveniently be studied by Mossbauer
spectroscopy. The method can also be used to analyse iron-bearing minerals.
(Corresponding Mdssbauer parameters of over 400 iron containing minerals are collected in
the handbook [22].) Boda Claystone contains also iron-bearing minerals in considerable
amounts (hematite, clay minerals), thus samples can also be analysed, and some processes
occured in the formation of the rock can be traced.

The ferric iron oxide, hematite exhibits a magnetically split characteristic sextet. Iron in the
clay minerals displays two-line doublets in the spectra. Doublets of Fe?* and Fe’* states can
clearly be distinguished, their positions are different. Two examples are shown below, in
Figures 8 and 9. The effect of weathering can be tracked in Figure 8 in which spectra of
samples collected from layers close to the surface (below the 25m Quaternary sediments) are
shown for Bat-14 borehole. The very right peak in the spectra belongs to the Fe? ions in
chlorite mineral [22]. It is seen that the intensity of this peak inreases in correspondence with
the sampling depth. L.e. clay minerals in the top layers are much abundant in Fe’* whereas in
the deeper layers Fe?" starts to dominate in clay minerals. On the other side, the amount of
hematite (marked with H in the right side spectra) practically is the same in each sample.
Thus it can be concluded that Fe?* — Fe3* oxidation had taken place in the layers close to the
surface, in other word the process of weathering is reflected in the Fe?"/Fe* change.

The conditions controlling the formation of minerals can be deduced from specra of Figure
9. Boda Claystone is described in the previous parts of this chapter as a rock which was
formed essentially under oxidizing conditions. However a few exceptional strata also exist.
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Figure 8. Mossbauer spectra on samples collected from borehole BAT-14. The main iron bearing
mineral is hematite (left spectra). Effect of weathering is shown in the right side spectra, approaching to
the surface Fe3*/Fe ratio increases in the clay mineral (chlorite)
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Figure 9. Crossing a reducing zone at 83.7 m in Delta-9 borehole. Iron is present only in Fe?* form in
chlorite. Hematite starts to appear in other distances.

For example Delta-9 borehole crosses a few meter thick layer in which reducing conditions
controlled the formation of the minerals. This layer is located ca. at the 83 — 84 m distance
from the commencement of the borehole (Note: the borehole was drilled at the 1050 m
depth.) The overwhelming part of iron is present in Fe?* form in chlorite — hematite is not
present at all in the top spectrum of Figure 9. By moving apart a few meters from this layer
hematite appears and its presence becames prevailing by moving even farther.

Both examples show that iron ions located in the layered clay minerals are sensitive to the
change of redox conditons and they can be used as indicators to monitor the alterations in
them. Further description and interpretation of these measurements can be found in [23].

4.2.3. Reduction/oxidation studies from voltammetry of microparticles

The reduction/oxidation properties of rocks and minerals can also be studied by
voltammetric measurements. Even small amounts of them can be analyzed by voltammetry
of microparticles. Samples shown in Figure 9 were also characterised at the LCPME — CNRS,
Nancy, France). For illustraton, Figure 10 displays some cyclic voltammograms obtained on
samples collected from Delta 9 borehole.

The results of voltammeric measurements are in good correspondence with the Mdssbauer
analysis as Figure 10 displays. High anodic current (A1 peak at 0.65 V — relative to standard
calomel electrode) could be detected which can be attributed to extended oxidation of Fe?
ions on the sample formed under reducing conditions (collected from 83.7 m position). On
the other two samples formed under oxidative environment reduction of iron ions ions can
be observed (C1 peak probably corresponds to reduction of ions in the dissolved ions, C2 at
—-0.45 V to the reduction of ferric ions in the clays and C3 at -0.74 V is for ferric ions in
hematite). More extended description of the method, samples and measurements can be
found in [24].
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Figure 10. Cyclic voltammograms obtained on samples collected from Delta-9 borehole. The numbers
in the top left corner represent the relative amounts of iron bearing minerals extracted from Mossbauer
spectra of Figure 9. Al stands for anodic, C1, C2 and C3 for cathodic peaks, Ei- is the zero potential.
(The voltammograms were measured at LCPME Nancy, France)

4.3. Studies with long life-time radionuclides
4.3.1. Sorption measurements

In the first stage of investigations sorption of radionuclides, mostly fission products, were
investigated on various types of samples. Namely Ka values were determined for 2], 1¥Cs,
60Co and 85Sr on various Boda Claystone samples collected from boreholes drilled in the
1050 m depth exploratory tunnel. Measurements were performed with 2 g amounts of
crushed samples. Radionuclides were added in trace amounts to 20 ml volume of ground
water (10° — 10 mol/L). Ka values were determined by using Eq. (1). There was a scatter in
the results depending of the samples, for 11 0.2 -2.0, for #Sr 60 — 120, for '¥Cs 600 — 5000
and for ®Co 1200 — 15000 values were determined. Concentration dependence of the
sorption was also measured by diluting the tracer isotopes with inactive (natural) isotopes.
Sorption of caesium showed a regular behaviour, the constants of a non-linear Freundlich-
type isotherm could also be determined. Similar results could not be obtained with Sr?* and
Co?, both ions have low solubility in the applied ground water, they easily form precipitates
(SrCOs, and Co(OH)z). Further details and results are described in [25].

It should be mentioned that similar sorption measurements were also performed on samples
originated from another facies of Boda Siltstone, rich in analcime component originated
from IB-4 borehole (see Figure 7 and Table 5). In these measurements non-radioactive
natural isotopes were applied with higher concentrations, their amounts were determined
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by atomic absorption spectroscopy measurements. The results are in good correspondence
with those obtained with radioisotopes [26]. The obtained Kd values might be applied for the
further evaluation of the isolation properties of the rock against migration of radionuclides
by using Eq. (2).

In relation with Eq. (2) it was already pointed out that principally it decribes the relative
retardation of the velocity of migration of radionuclides compared to the velocity of
hydraulic flow. The equation is primarily valid for cations, tending to adsorb on negatively
charged clay minerals in the aqueous media. Negatively charged species hardly sorb as is
reflected for example with the mentioned low Ka value of '?I. Further on, Boda Claystone
has small porosity (1-3 %) and the water permeability also lies in an extremely low value
region (102 — 10 m?) [27]. Thus, the velocity if hydraulic flow can also be practically
negligible. Consequently, there are at least two reasons that the velocity of spreading of
negatively charged anionic species cannot be estimated by using Eq. (2). One reason is that
the vgw term it close to zero in the equation, the other reason is that anionic species do not
sorb on clay minerals.

In order to obtain reliable information on the migration of negatively charged anionic species
another option should be applied, namely to perform direct diffusion measurements.

4.3.2. Measurement of the diffusion coefficient of anionic species and HTO

To obtain approximately reliable information on the diffusion of radionuclides it is advised
to use compact rock samples with their preserved consolidated structure. Various
arrangements can be used. One option is to use a simple measuring arrangement, the break-
through cells as mentioned in Section 2.3. The effective diffusion coefficients can be
experimentally determined by using Eq (3).

It is also possible to collect information on the permeability and self diffusion of water itself
by using a particular radiotracer, that is tritiated water, HTO.

Break-through measurements were carried out with HTO and with anionic long life-time
fission product tracers (*TcOs and 1) and additionally, with H“COs . The compartments
of c.a. 90 volume in the break-through cells were filled with ground water. The studied 8
mm thick borecore disc samples were obtained from the 570 m depth in the IB-4 borehole.
Ground water in one side of the compartments was separately spiked with tracer amounts
of the respective isotopes (10 MBq HTO, 6.2 MBq *TcOs and 8 MBq H"“COs, respectively).
These radionuclides emit B-radiation, the activities in small amounts of samples (10
microliter) taken regularly from the compartments were determined liquid scintillation
detection. As an illustration, the measurements performed in a series with H*COs are
shown in Figure 11 (next page).

The top part of the figure shows that after a minor decrease the activity (i.e. the concentration
of H4COs) is constant. The bottom part displays the break-through, the appearance and the
increase of the concentration of the radionuclide in the ground water in the compartment on
the other side of the sample disc. Note that only c.a. 2 % of the total amount of HCOs
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penetrates through the 8 mm thick disc within a year. The delay in the commencement of the
break through indicates the interaction between the solute and solid phases. The intercept on
the horizontal axis is c.a. 220 days, this is the value of o (retention coefficient) in Eq. (3).
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Figure 11. The relative activities of ¥COs? in the active (top) and originally inactive (bottom)
compartments of the break-through cell at pH =12 on two samples (marked with squares and triangles).

The delay in the break-through can probably be attributed to the exchange of radiocarbon to
the carbonates in minerals of solid phase. Namely, the mesurements presented in Figure 11
were performed at pH=12. At this pH the 2 HCOs <> COs* + H20 + CO2 equilibrium is shifted
to the right, ie. COs* ions prevail over the hydrocarbonates, and some of the “COs* ions may
be exchanged from the solution to the solid phase with carbonates in calcite (dolomite). The
main data extracted from the measurements and evaluated in correspondence with Eq (3) are
collected in Table 6. Further experimental details, description of samples and measurements
performed with the B-emitting isotopes can be found in [28].

Migrating Dett o
species 102 m?s!
HTO 14 ~0
~1 ~0a
H*COs 1 150
PTcOx ~1 ~0
125]- ~8-14¢ 03-13¢

Remarks: measured at (*) pH=8 and (*) pH=12

(%) values from different type measurements (see in [28])

Table 6. Effective diffusion coefficients and retention factors (o in Eq. 3) of neutral (HTO) and anionic

migrating radionuclides

As for investigations related to the diffusion of iodide anion it should be mentioned that
several more extended measurements have also been performed by using y-emitting 121
isotope (35.5 keV with half life-time only 60.2 days). The y-radiation allows a more easy

73



74 Clay Minerals in Nature — Their Characterization, Modification and Application

detection of the radiating isotope, for example presence and acitivity of I in solid samples
can directly be measured. The migration behaviour is expected to be the very same as the
long half life time fission product I (1.7 107 years).

Two additional types of diffusion measurements were performed with '?I. The in-diffusion
was measured from spiked groundwater into borecore samples, and concentrations of iodine
were determined in slices cut from the end of the solid borecore. In another arrangement the
»in situ” conditions were modeled by placing the borecore samples under 100 bar pressure at
50 °C during the period of the measurements. These conditions correspond to the values of the
ambient pressure and temperature in a rock located in 1000 m depth (characterising e.g. the
former exploratory alpha drift). Two sets samples were used for these measurements, a few
one was kept under these conditions for 118, another few for 340 days, the iodine contents
were measured in the solid slices of sample borecore afterwards.

The results of the three types of measurements of diffusion coefficient of iodide (the break-
through, the in-diffusion and the ,in situ”) were in good correspondence with similar
values. Further experimental details and evaluation are described in [29].

As for the general evaluation of measurements with anions, data of Table 6 are in good
correlation with the expectations. Namely, water and the anionic iodide exhibit high
mobility, with similar Def values. This reflects the lack of interactions with clays.
Hydrocarbonate and technetate anions move more slowly. In the first instance some
interaction (exchange) may take place between carbonate ions in the solution and in the
solid phase. Technetate may move slower due to the larger radius of the hydrated anion.
Further on, it is worth comparing these values with the self diffusion coefficients of ions in
strong aqueous electrolytes. For this end, the Bruggeman relation should be recalled which
establishes connection between the measured effective diffusion coefficient (Def) and the self
diffusion constant (Ds) through the porosity (¢) [30]:

Dy =& D, )

The self diffusion constant for ions in aqueous electrolytes is 1.7 10 m? s [31]. Taking into
account the 1.5 — 3 % porosity, the measured Dey values correlate well to the self-diffusion
constant values characterising the electrolytes in aqueous soulutions. The similarity of the
compared values reflects that there is no significant interaction between the anionic
component and the minerals of the clay — they diffuse through the rock without any
interaction with the pore walls (provided the o rock capacity factors are close to zero).

As an upper limit for the velocity of the migration of long life-time isotopes the obtained
1012 m? s! can be considered. (The cations migrate more slowly since they interact and may
became sorbed on the minerals.) As a very rough approximation the

xz\/fﬂft ®)

distance (radius) — time relation can be considered within which the radionuclides spread
during their life-time. Inserting the long half life-times values into this approaching equation
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the order of magnitude of migration distance can be estimated. For illustration, for *TcOx (half
life-time 2.1 10° years) ca. 1.4 m is the distance, for the longer lifetime I (1.7 107 years) ~ 30 m
is the distance of spreading within one half lifetime period in Boda Claystone media. These
distance values should be considered with precaution. First, only one half lifetime period was
considered, the amount of radiation emitting isotopes will be only halved within this period.
The second point is our starting precondition, namely the hydraulic flow was neglected. Thus,
in real cases the distances of migration can be significanly longer.

Some properties of the other clayrock types considered for final disposal for nuclear wastes
were also briefly mentioned in previous section 3.1 (Boom Clay, Opalinus Clay, and
Callovo-Oxfordian argillite). Here, at the end of the present section dealing with diffusion
constant measurements on Boda Claystone samples, a reference should also be given to an
overview, which provides a detailed compilation and description of recent diffusion studies
performed in the framework of the EC FUNMIG IP project on all the mentioned four types
of clayrocks [32]. In general diffusion data obtained on Boda Claystone suit well within
those collected on the other three types of rocks which had been extensively studied and
characterized in the project.

4.3.3. Break-through studies with uranium

In the preceeding sections mostly sorption and diffusion properties of fission products were
discussed on Boda Claystone samples. To consider the behaviour and interactions of the long
life-time actinide components with minerals in Boda Claystone the major component of the
high level nuclear wastes, uranium was also investigated in break-through experiments.
Uranium is similar to neptunium in respect with the occurence of various oxidation states (as
was shown for Np in Figure 2.) Depending on the Eh — pH conditions uranium may be
stabilized either in cationic, or in anionic form or as stable neutral precipitate. The U-C-O-H
diagram is shown — it can be applied for carbonate containing rocks and in correspondence
hydrocarbonate contaning ground water, which is the case for Boda Claystone. Stability
regions of iron are also shown and separated in black dashed lines (Figure 12 - based on [4]).

The life cycle of the disposal site is also shown in blue (similarly to Np in Fig 2). At the start
uranium (or a part of it) may be dissolved in form uranyl ions (UO2*) into the ground water.
This species is a cation and prefers to ad- or chemisorb on the clay minerals. After having
the site closed the potential decreases, the pH increases — neutral UOCOs may precipitate.
In a subsequent stage with the further increase of pH negatively charged carbonates can be
formed which tend to migrate in the aqueous phase. In the final stage with the decrease of
potential the reduction prevails and stable UO: forms from the various migrating U(VI)
uranyl carbonate species (shown as the orange encircled area in Figure 12). In the encircled
region Fe? <> Fe’ redox processes may also proceed, maybe they can be coupled with the
mentioned U(VI) —» U(IV) reduction.

In the corresponding break-through experiments the ground water was saturated with uranyl
acetate (using uranium with natural isotope composition, dominant U with ca. 1% 2°U). The
changes of activities of uranium were measured in the compartments of the break-through
cells. Furthermore, the distribution of uranium along the path of migration in the bore core
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Figure 12. The Eh-pH Pourbaix-diagram of uranium. The dashed line represents the possible changes
during the life cycle of the repository, the encircled region might be the final stage.

samples was also determined by high sensitivity laser ablation ion-coupled mass spectrometry
(LA-ICP-MS) after finishing the experiments and dismounting the break-through cells. The
change of concentration (activity) of uranyl ions in dependence of time is shown in Figure 13.
Note the long time interval, the samples were kept in the cells for ca. five years.

Primarily the depletion of uranium is seen in the starting solution in Figure 13. In the very
first period a sudden drop takes place, c.a. 20 % of uranium disappears from the solution,
most probably due to precipitation of carbonates via the HCOs «<>COs? equilibrium in the
solution, where almost all the carbonates are consumed. After having this fast process
finished the amount of uranium had been stabilised for c.a. one year at the 70 — 80 % level of
the original concentration. Later on the starting solution is considerably depleted in
uranium. Uranium is apparently trapped in the solid borecore disc, simultaneous
measurements on liquid samples does not show any sign of through diffusion. Negligible
increase of the amount of uranium is detected in samples taken from the opposite
compartment of break-through cell (bottom curve in the Figure).

In correspondence, the LA-ICP-MS measurements directly prove the event of trapping. A
typical distribution of concentration (intensity) of uranium is shown in Figure 14, which
displays the distribution of uranium along the migration path, crossing the borecore dics.
(Notice the logarithmic scale on the vertical intensity/concentration axis.)



Claystone as a Potential Host Rock for Nuclear Waste Storage 77

100+
804 , .
2 e
% 60 uranyl acetate solution side
zZ = —
2 40 \.
(&)
m <4
0 T
E 20
o plain ground water side
}
O-rli'--.--n- ]
0 300 600 900 1200 1500 1800

days

Figure 13. Changes of concentations of uranium in the two compartments of a break-through cell
during ca. 5 years. Top curve is the original solution, the bottom curve is for the opposite compartment.
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Figure 14. 28U and 25U contents measured in the sample after finishing the 5 year break-through
experiment. The left side of sample contacted the uranyl solution. Note the logarithmic scale on the

vertical axis.

The figure illustrates the sensitivity of the method, even the minor uranium component, 2°U
(a few ppb in the sample, ~ 1 % in the natural uranium component), can convincingly be
measured. It is seen that the characteristic longest migration distance was only c.a. 4 mm
during the five years duration. (The horizontal sections between 4 and 10 mm distances
refer to the U and 2®U contents present originally in the sample before the start of
measurements.) At the first approximation the drops of concentrations/intensities of 28U
and 2®U can be represented by straight lines in logarithmic scale, thus the decrease can be
described some power dependence of distance covered by the migration. Further
experimental details of the measurements are described in [33].

A rough estimation can be performed by using the square-root approximation mentioned with
Eg (5). Inserting 4 mm and 1900 days into Eq (5), a nominal Deit # 10® m? s! can be obtained.
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This value is less with two orders of magnitude than those obtained for the mobile iodine and
HTO, and is less with one order of magnitude obtained for the less mobile hydrocarbonate and
technetate (shown in Table 6). Thus this comparison with neutral and anionic species can also
be considered as an indirect proof the measurements with uranium. The slow migration of
uranium can probably be attributed to more than one single factor. Beside chemisorption of
uranyl ions on clay minerals interaction with (hydro)carbonate anions may take place with
forming partly immoblie carbonate species (see the Eh-pH diagram in Figure 12). Fe?'/Fe3*
ratios were measured by Mossbauer spectroscopy in the surface layers of the borecore samples
after having the uranium break-through measurements finished. They were the same as at the
start. In consequence the Fe?* — Fe® process coupled with U(VI) - UO: reduction, as
mentioned in the introductory part of this section, does not play role [33].

5. Summary

Certain claystones have been considered as appropriate media for long time isolation of high
level nuclear waste depositories. Various interactions between the migrating anionic and/or
cationic species of radionuclides with the constituents of minerals may take place. For
example, the open, layered structure of clay minerals is advantageous for this purpose
resulting in high ad- and chemisorption capacities to retard migration of long life-time
radioisotopes. Characteristic related properties of different clayrock formations considered as
possible hosts in Europe are briefly mentioned and compared. Boda Claystone is discussed in
more detail, diagenesis, lithology and mineralogical properties are described. Results of
various specific measurements on claystone samples are presented. Particular attention is
devoted to sorption and diffusion measurements performed with anionic fission product and
actinide radionuclides. From these results some characteristic distances which can be traversed
by these radionuclides in the clay rock during the life time of the depository site are estimated.
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Chapter 5

Distribution and Origin of Clay Minerals
During Hydrothermal Alteration of Ore Deposits
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1. Introduction

Hydrothermal alterations of host rocks (granites and metasediments) connected with origin
Sn-W and U deposits are often accompanied by origin of chlorite, clay minerals and white
mica (muscovite, hydromuscovite, phengite) [1, 2, 3, 4, 5, 6, 7]. Clay minerals originated
usually in last stages of these alterations, when temperature of hydrothermal fluids is in
range of 50-200 °C. In area of Central European Variscan belt (Bohemian Massif) occur a few
Sn-W- and U-ore deposits in which are evolved altered rocks with highly interested chlorite,
clay minerals and white mica assemblages (Fig. 1). This paper is concentrated on description
and discussion of chloritization and argillization, originated during alteration of host rocks
series at selected Sn-W and U ore deposits in the area of the Bohemian Massif (Czech
Republic).

2. Geological background

The Sn-W greisen deposits are connected with topaz-granite stocks in the Saxothuringian
Zone of the Bohemian Massif (Krasno-Horni Slavkov ore district, Cinovec). The Krasno-
Horni Slavkov ore district comprises topaz-bearing granite stocks evolved along the
southeastern margin of the Krudum granite body in the Slavkovsky les Mts. area (Fig. 2).
The inner structure of these stocks (Hub, Schnéd and Vysoky Kamen) is well stratified,
comprising partly greisenized topaz-albite granites, leucocratic topaz-albite granites and
layers of alkali-feldspar syenites. In upper parts of the Hub and Schnod stocks are
evolved topaz-mica greisens, accompanied by partly greisenized topaz-albite granites and
distinctly argillitized topaz-albite granites. The highly interested clay mineral assemblage
occurs in Sn-W ore spots enclosed in greisens [8] and in argillitized topaz-bearing
granites. The Cinovec granite stock is relatively small, elliptical, vertical stratified body
occurred in the central part of the Altenberg-Teplice caldera. The borehole CS-1, located in

I NT EC H © 2012 René, licensee InTech. licensee InTech. This is a paper distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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the center of granite stock, transacted lepidolite-bearing granite at the top of the section
(about 90 m thick), an intermediate zone of zinnwaldite-bearing granite (thickness about
640 m) and a lower zone of protolithionite-bearing granite to the depth 1596 m. In
uppermost part of granite stocks occurs irregular topaz-mica greisen bodies together with
flat Sn-W ore veins enriched also in zinnwaldite and quartz. Clay minerals occur usually
as filling of small cavities in quartz and/or as filling of small fissures accompanied flat ore
veins [9].
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[ | Unmetamomphosed or low-grade metamorphosed Early Paleozoic
Marine Early Carboniferous sediments

[--7] Fresh-water Permo-Carboniferous sediments

Cretaceous and Tertiary platform sediments

EZ' Main faults

QO Shear zones bounded uranium deposits

@ Vein-like uranium deposits
B Tin-tungsten deposits

Figure 1. Geological sketch map of the Bohemian Massif.
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Uranium ore deposits with a huge evolved argillization of country rocks occur in some
shear zones of the Moldanubian Zone (Rozna—Olsi ore district, Okrouhla Radoun, Zadni
Chodov, Vitkov II). The Moldanubian Zone represents a central, deeply eroded part of the
Bohemian Massif. Therefore, in present-day section, it is composed dominantly of plutonic
and high-grade metamorphic rocks (two-mica and biotite granites of the Moldanubian
batholith, Tfebi¢ pluton and Bor pluton).

|:| F-rich biotite granites
F-rich two-mica granites
topaz-albite granites
greisen stocks

F-low two-mica granites
F-low biotite granites

biotite granodiorites

JOo00moa

metamorphic rocks

Krasno

Figure 2. Geological sketch map of the Krasno-Horni Slavkov ore district.

The Rozna-Olsi uranium district lies in the NE part of the Moldanubian Zone of the
Bohemian Massif (Fig. 3). The high-grade metamorphic rocks of this zone were overthrust
on its NE boundary by the Svratka Crystalline unit and on the easterly located Cadomian
Brunovistulian foreland. The high-grade paragneisses of the Moldanubian Zone are
subdivided into Monotonous, Varied and Gfohl Unit. The Rozna—Olsi ore district is located
in the uppermost Gf6hl unit. The host rocks of the Rozna U-deposit consist mainly of biotite
paragneisses and amphibolites with small bodies of calc-silicate rock, marble, serpentinite
and pyroxenite. The subsequent exhumation of these rocks series to middle crustal levels
was associated with kilometer-scale isoclinal folding. Longitudinal N-S to NNW-SSE
striking ductile shear zones (Rozna and OISi shear zones) dip WSW at an angle of 70-90°
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Figure 3. Cross section of the Rozna uranium deposit.

and strike parallel to the tectonic contact between the Gfohl unit and the Svratka Crystalline
Unit. The main longitudinal faults of the Rozna shear zone are designated as Rozna 1 (R1)
and Rozna 4 (R4) and host the main part of the disseminated uranium mineralization. The
less strongly mineralized Rozna 2 (R2) and Rozna 3 (R3) fault zones host numerous separate
pinnate carbonate veins. Longitudinal fault structures are crosscut and segment by steep,
ductile to brittle NW-SE and SW-NE-striking fault zones that host post-uranium carbonate-
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quartz-sulfide mineralization. Uranium mineralization forms (i) disseminated
coffinite>uraninite>U-Zr-silicate ore in chloritized, pyritized, carbonatized, and graphite-
enriched cataclastites of longitudinal faults, (ii) uraninite>coffinite ore in carbonate veins,
(iii) disseminated coffinite>uraninite in desilicified, albitized, and hematitized gneiss
(episyenite) adjacent to longitudinal faults and (iiii) mostly coffinite ore bound to the
intersection of the longitudinal structures. Total mine production of the Rozna-Olsi ore
district was 23,000 tons U with average grade of 0.24 % U. The Rozna uranium deposits is
the last recently mined uranium deposit in Central Europe with annual production about
300 t U [10].

Okrouhla Radoun uranium deposit is formed by NNW-SSE-striking shear zone occurred on
the northeastern margin of the Klenov two-mica granite body in the southern part of the
Bohemian Massif. Host-rock series of this ore deposit are formed by high-grade
metasediments of the Moldanubian Varied group and peraluminous two-mica granites of
the Moldanubian batholith. The shear zone is filled with cataclasites formed by host rocks,
altered to clay minerals-rich and chlorite-rich assemblages with uranium mineralization
enriched in coffinite, partly also in pitchblende [11, 12, 13]. Uranium ore deposits in the Bor
pluton (Zadni Chodov, Vitkov II) are located in N-S to NW-SE shear zones evolved in biotite
monzogranites of I/S-type [14, 15]. The hydrothermal alterations associated with uranium
mineralization are represented particularly by the removal of quartz, chloritization,
albitization, hematitization and origin of younger generations of chlorite and white mica
(muscovite, phengite). Shear zones evolved on the west margin of the Bor pluton (Zadni
Chodov), on the boundary between granites of the Bor pluton and metasediments of the
Moldanubian Zone are distinctly enriched in more generation of chlorite accompanied by
various clay minerals (smectite) [16].

3. Analytical methods

Clay minerals and chlorites were analyzed in polished thin sections using a CAMECA SX
100 electron microprobe working in WDX mode employing the PAP matrix correction
program [17] at the Institute of Geology of the Academy of Sciences of the Czech Republic.
The operating conditions were 15 kV acceleration voltage, 15 nA beam current, and 1-2 um
beam diameter. Counting times on the peaks were 10-30 seconds depending on the element.
Background counts were measured in each case in half the time for peak measurement on
both sides of the peak. Calibrations were done using standard sets from SPI. Standards
included fluorite (F), jadeite (Na, Al), diopside (Ca), leucite (K), magnetite (Fe), quartz (Si),
periclase (Mg), thodonite (Mn), rutile (Ti), spinel (Cr) and tugtupite (Cl). Detection limits for
these elements are as follows: F 0.09-0.15 wt%, other elements 0.03-0.20 wt%. Formulae of
chlorite were calculated in relation to 36 (O, OH) atoms per formula unit (apfu), formulae of
white mica and illite were calculated in relation to 24 (O, OH) apfu and formulae of clay
minerals (kaolinite, smectite) were calculated on the basis of 18 (O, OH). For these
calculations was used MINPET software. For calculation of chlorite thermometry was used a
six-component chlorite solid solution model according Walshe (1986) [18].
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Major elements in whole rock samples were determined by X-ray fluorescence spectrometry
using the PANanalytical Axios Advanced spectrometer at Activation Laboratories Ltd.,
Ancaster, Canada. Trace elements were determined by ICP MS (a Perkin Elmer Sciex ELAN
6100 ICP mass spectrometer) at Activation Laboratories Ltd., Ancaster, Canada (Table 1).
Whole rock samples enriched in clay minerals were used for sampling of clay mineral
fractions. The size fraction of clay minerals in size below 4 um was prepared by
conventional sedimentation method. X-ray diffraction (XRD) analysis of clay minerals in
clay-size fractions were obtained on untreated, ethylene-glycol solvated and heated samples
using a Philips PW 7310 diffractometer with CuKa radiation (40 kV, 40 mA) and Ni filter
standard set.

4. Results

4.1. Petrology

The investigation of clay minerals assemblage occurred in Sn-W ore deposits of the
Saxothuringian Zone (Bohemian Massif, Czech Republic) was concentrated on assemblages
occurring in Sn-W ore pockets and highly argillized topaz-albite granites of the Hub stock
(Krasno-Horni Slavkov ore district). The ore pockets are globular or even irregular bodies
tens of centimetres in size, with a very high proportion of cassiterite, which are enclosed in
topaz-mica greisens. Quartz, Li-micas, fine flakes of white mica (muscovite) and clay
minerals (dickite, kaolinite, very rare cookeite) are the accompanying minerals of these ore
pockets. Clay minerals matter filling small cavities between a bigger cassiterite grains has a
grey appearance being a mixture of dickite, Li-, Al-chlorite (cookeite) with dickite and white
mica. The identification of cookeite and illite was performed by X-ray diffraction method.

In highly argillized topaz-albite granites a complex clay minerals assemblage was identified
using X-ray diffraction method and microprobe analysis. This very fine-grained assemblage
enclosed between bigger grains of quartz, topaz and tables of Li-mica is formed of smectite,
illite, kaolinite, dickite, chlorite and corrensite. Corrensite was identified on the basis of 29.2
A XRD reflection on natural, oriented sample and 31.1 A reflection after ethylene glycol
treatment. These XRD reflections are significant for identification of corrensite [31]. In
greisenized topaz-albite granites occurs sometimes also white mica (muscovite,
hydromuscovite).

Disseminated uranium mineralization occurred in shear zones of the Rozna, Okrouhla
Radoun, Zadni Chodov and Vitkov uranium deposits comprises usually three stages (pre-
ore, ore and post-ore stages). The first two stages are of the late-Variscan age; the last stage
is very probably of the post-Variscan age. The pre-ore stage is characterized by a huge
occurrence of inherited chlorite originated by chloritization of biotite (chlorite I). In syn-ore
stage originated authigenic chlorite (chlorite II), together with authigenic Mg-Fe chlorite
(chlorite III) occurred often as filling of small cavities in intensively altered paragneisses
(Roznd, Okrouhld Radoun, Zadni Chodov) and/or in altered granites (Okrouhld Radoun,
Vitkov II). During pre-ore stage originated also as relatively rare mineral white mica
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wt% Ko-55 R-1 R-2 Re-503 Re-510 OR-99 ZCH-6
SiO2 75.52 51.85 45.76 57.42 53.81 49.42 44.30
TiO: 0.03 1.30 0.98 0.62 0.08 0.30 0.33
AlOs 13.23 18.36 15.37 18.76 18.35 15.47 9.45
Fe20s tot. | 1.75 9.24 6.30 4.73 1.23 6.25 12.44
MnO 0.11 0.14 0.15 0.14 0.14 0.07 0.24
MgO 0.20 2.85 2.25 1.50 0.55 2.20 14.97
CaO 1.24 3.69 11.10 8.27 8.39 6.64 1.54
Na20 0.20 5.95 6.25 7.99 6.24 0.46 0.23
K20 1.65 1.89 0.97 0.55 1.10 1.38 0.01
P20s 0.19 0.30 0.21 0.38 0.20 0.29 0.49
LOL 540 141 9.52 0.33 9.32 1755|1581
Total  |9952  |99.98  |98.86 100.69  |99.41 100.03 | 99.81
ppm

U 16 877 833 232 353 436 4553
Th 3 4 6 20 7 8 21

Y 4 33 39 23 11 28 69
Zr 25 243 261 186 51 169 118
Ba 8 456 197 366 388 3 35
Rb 886 88 40 15 55 81 1

Sr 17 230 466 176 296 197 46
La 1.55 12.00 21.00 42.90 11.00 19.10 12.80
Ce 2.13 2770|4480  |[8270 1951  [4010  |35.10
Pr 0.25 3.85 5.50 9.44 1.94 4.40 5.69
Nd 1.29 17.20 22.70 35.00 7.13 17.10 30.60
Sm 0.40 5.61 5.46 6.53 1.83 4.40 14.40
Eu 0.007 0.65 1.20 1.14 0.066 2.40 7.14
Gd 0.35 6.14 6.25 6.24 1.89 4.40 13.50
b 0.09 1.34 1.22 0.83 0.34 0.82 2.72
Dy 0.61 9.13 7.26 4.85 2.45 5.40 15.30
Ho 0.09 1.86 1.47 0.86 0.48 1.10 2.74
Er 0.27 6.10 4.06 2.54 1.45 2.40 7.45
Tm 0.06 0.99 0.67 0.38 0.20 0.44 1.11
Yb 0.36 6.68 422 2.25 149 3.20 6.90
Lu 0.04 1.03 0.60 0.31 0.22 0.46 0.86
Y REE 7.50 100.29 126.41 195.97 50.00 105.72 156.31
Lav/Yby | 291 121 .3.36 12.88 4.96 4.03 125
Eu/Eu* 0.06 0.34 0.63 0.55 0.11 1.67 1.56
Th/U _ |0188  [0.005  |0.007  |0.087  |0.020 0018 |0.005

Table 1. Representative analyses of altered rocks from the Sn-W and U ore deposits of the Bohemian
Massif.

Ko-55 - argillized topaz-albite granite, Hub stock, Krasno-Horni Slavkov ore district, R-1, R-2 — altered
biotite gneiss, Rozna uranium deposit, Re-503 — altered biotite gneiss, Okrouhla Radoun uranium
deposit, Re-510 — altered two-mica granite, Okrouhla Radoun uranium deposit, OR-99 - altered biotite
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gneiss, Okrouhla Radoun uranium deposit, ZCH-6 altered biotite gneiss, Zadni Chodov uranium deposit.
REE - rare earth elements, Lan/Ybn = LREE/HREE (light rare earth elements/heavy rare earth elements,
Eu/Eu* = Eun/v(Smn x Gdn). Normalising values of chondrites are from Taylor and McLennan [29].

(muscovite, hydromuscovite, phengite). For syn-ore stage is origin of various clay minerals
(Fe-illite, smectite, kaolinite) significant. Compared with voluminous pre-ore and syn-ore
stage alteration, post-ore stage alteration is usually restricted to origin of small authigenic
chlorite-carbonate veins and/or veilets and disseminations of chlorite in carbonatized host
rocks (chlorite IV). The origin of the youngest chlorite is sometimes accompanied by origin
of clay minerals (illite, kaolinite).

5. Geochemistry of altered rocks

The chemical composition of arigillized topaz-albite granites connected with Sn-W
mineralization was investigated in area of the Hub stock (Krdsno-Horni Slavkov ore
district). Argillitized granites are in comparison with original topaz-albite granite enriched
in CaO and MgO and depleted in alkalies (Fig. 4). During argillization of topaz-albite
granites were also accessory minerals (monazite and zircon) partly dissoluted and argillized
granites were depleted in REE (Fig. 5).

9 .
8l o ‘w ;[. .
L A A d
T+ ue‘oi ]
~— F A AA 4
X 6f A 2T 4 e
2 5 A4 a ]
A Ay |
ON 4L A & A & _
4 A ]
5 3k A A A‘ 4a s :‘ .
A
g 2 N a b,y )
Z 1L ]
070 75 80
SiO, (wt%)
e topaz-albite granite
4 argillized granite

Figure 4. Plot of Na20O + K20 (wt%) vs. SiO2 (wt%) for arigillized granites from the Krasno-Horni
Slavkov ore district.

Geochemistry of altered high-grade metamorphic rocks was studied in the area of the
Roznd, Okrouhla Radoun and Zadni Chodov uranium ore deposits. The distribution of REE
in barren, pre-ore altered (desilicified, albitized, hematitized and chloritized) biotite
paragneisses of all three examined uranium deposits usually display patterns similar to
those of the parent paragneisses. Barren, syn-ore argillized, chloritized and in the Okrouhla
Radoun uranium deposit also strongly carbonatized rocks show significantly lower bulk
contents of REE (49-232 ppm) and relatively high LREE/HREE ratios (8.7-17.6) in
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comparison with hydrothermally unaffected gneisses. Higher LREE/HREE ratio (12.8-16.1),
i.e. high depletion on HREE was found in graphitised cataclastites from the Rozna uranium
deposit, which are characterized by the lowest bulk content of REE (49-98 ppm) (Fig. 6).
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Figure 5. Chondrite normalized REE patterns for topaz-albite granites and argillized granites from the
Krasno-Horni Slavkov ore district. Normalising values are from Taylor and McLennan [29].
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Figure 6. Chondrite normalized REE patters for hydrothermally altered rocks from the Rozna and
Okrouhld Radoun uranium deposits. Normalising values are from Taylor and McLennan [29].

The geochemistry of altered granites connected with uranium mineralization was studied in
the Okrouhla Radoun and Vitkov II uranium deposits. Hydrothermal alteration of two-mica
granites from the southern part of the Okrouhla Radoun uranium deposit is characterized by a
higher Fe20s/FeO ratio and by a significant depletion in SiOz contents. Highly altered granites

89
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typically show high contents of Na2O and usually low contents of K2O. The content of K20 is
higher only at the presence of higher amounts of newly originated white mica (muscovite)
and/or illite. The later carbonatization of quartz-depleted altered granites is characterized by
high contents of CaO and CO.. The hydrothermal alteration of granites is, due to the
dissolution of K-feldspar, connected with a depletion in Rb and sometimes also with the
evolution of a prominent negative europium anomaly (Eu/Eu* = 0.11). The higher content of
HREE in altered granites is connected with the origin of uranium mineralization and a higher
concentration of HREE in coffinite. Chloritization of porphyric biotite granite from the Bor
pluton at the Vitkov II uranium deposit are accompanied by the silica removal, which
continued during the argillization. A moderate increase in TiO2 and 205 contents occurred in
the course of the hydrothermal alterations. Contents of A1:0s3 and Fe20s increased during the
chloritization and argillization. In the course of chloritization, the content of FeO and MgO
increased considerably, which is reflected by the formation of chlorites I richer in iron. The
MgO content also increased sizeably during argillization. The content of CaO increases in the
granites affected by carbonatization and it decreases in the rocks affected by chloritization and
in majority of argillized granites. The content of Na2O increases in the rocks affected by
albitization, it is considerably lower in the argillized granites.

6. Composition of chlorite

In altered paragneisses and granites of above-mentioned uranium ore deposits chlorite
occurs usually in four generations (chlorite I, II, III, IV). The main portions of chlorite are
formed by inherited chlorite I and inherited to authigenic chlorite I, which occurs in shear
zones. These shear zones host the main part of the disseminated uranium mineralization.
The chlorite I often preserves the morphology of original biotite, whereas chlorite II forms
fluidal aggregates in cataclastites, represented the predominant filling of shear zones. The
both later chlorite generations (chlorite III and IV) crystallized in free voids of rocks
originated due to quartz dissolution. The composition of these four chlorite generations in
individual uranium deposits is quite different. The inherited chlorite of pre-ore and syn-ore
stage is pycnochlorite to brunsvigite (Fig. 7, 8, 9).

In the Rozna uranium deposit occurs also Mg-rich inherited to authigenic chlorite (diabantite),
which forms fluidal aggregates in shear zones (matrix chlorite). For inherited chlorite from the
Rozna uranium deposit is significant relatively high content of Si (up to 7.21 apfu). The content
of Si in inherited chlorite from pre-ore stage of the Okrouhla Radoun, Zadni Chodov and
Vitkov II uranium deposits is distinctly lower (4.38-6.44) (Fig. 8, 9). Likewise occur differences
in Mg/(Mg + Fe) ratio. Distinctly Fe-enriched inherited chlorites (brunsvigite) occur in shear
zones of the Roznd and Okrouhld Radoun uranium deposits with Mg/(Mg + Fe) ratio from 0.13
to 0.43. However, the inherited to authigenic chlorite from the Rozna uranium deposit is Mg-
enriched chlorite (diabantite) with Mg/(Mg + Fe) ratio from 0.48 to 0.69 (Fig. 7).

The authigenic chlorites from all these uranium deposits are in comparison with inherited
chlorites enriched in Mg. The lower enrichment in Mg displays the authigenic chlorites from
the Rozna and Okrouhla Radoun uranium deposits, whereas high enrichment in Mg
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wt.% Ro-5 [Ro-16 [Ro-27 [Ra-13 |Ra-54 |ZCH-1 |Vi-18
SiO2 29.81 130.36 | 31.91 [27.47 |25.09 |27.28 [26.03
TiO2 036 | 000 |[174 |0.04 |0.12 |0.00 0.11
ALOs 14.34 11632 |13.97 ]20.85 [20.60 |20.40 |20.41
Cr20s 002 | 000 [000 |0.01 |0.02 [0.05 0.00
FeO 33.66 12675 |17.70 [22.49 |3295 |20.73 [25.99
MnO 042 | 027 [031 019 |021 |0.15 0.37
MgO 877 |13.92 [19.54 |16.40 | 948 [19.09 [13.95
CaO 028 | 027 | 0.00 | 014 | 0.04 | 0.00 0.07
Na:0 062 | 000 |060 | 006 |0.00 [0.06 0.20
K20 0.10 [ 0.00 | 131 | 0.07 | 0.02 | 0.04 0.09
F 0.00 [ 0.00 | 000 | 011 |0.00 |0.00 0.00
Cl 0.00 [ 0.00 | 000 |0.00 |0.01 [0.00 0.00
H20 calc. 1097 (1141 |11.72 |11.56 |11.03 |[11.71 |11.26
O=(F, Q) 0.00 [ 0.00 | 0.00 |0.05 |0.00 |0.00 0.00
Total 99.35 199.32 |98.80 [99.34 [99.57 |99.51 |[98.48
apfu

Sit 652 |638 |653 |5.67 |546 |5.59 5.54
ALV 148 |[1.62 |147 |233 |254 |241 2.46
AV 221 |242 |190 (275 |273 |251 2.26
Ti# 006 |0.00 027 [0.01 |0.02 |0.00 0.02
Fe? 6.15 |470 |3.03 |[3.89 |599 |3.55 4.63
Cr? 0.00 |0.00 |0.00 |0.00 |0.00 |0.01 0.00
Mn2* 008 |0.05 005 (003 |0.04 |0.03 0.07
Mg? 286 |436 |596 [5.05 |3.07 |5.83 4.43
Ca? 0.07 |0.06 ]0.00 [0.03 |0.01 |0.00 0.02
Na'* 026 |0.00 024 [0.02 |0.00 |0.02 0.08
K 003 |0.00 034 |0.02 ]0.01 |0.01 0.02
F1- 0.00 |0.00 ]0.00 (014 |0.00 |0.00 0.00
CI- 0.00 |0.00 ]0.00 [0.00 ]0.01 |0.00 0.00
OH™ 16 16 16 1592 |16 16 16

O 36 36 36 36 36 36 36
Mg/(Mg +Fe) |0.32 048 |0.66 |[0.57 0.34 |0.62 0.49

Table 2. Representative analyses of chlorites from the Rozna, Okrouhld Radourn, Zadni Chodov and
Vitkov II uranium deposits.

Ro-5 —inherited chlorite, ore stage, Rozna, Ro-16 —authigenic chlorite, post-ore stage, Rozna,

Ro-27 — inherited to authigenic chlorite, pre-ore stage, Rozna, Ra-13 — authigenic chlorite, ore stage,
Okrouhla Radoun, Ra-54 —inherited chlorite, pre-ore stage, Okrouhla Radoun, ZCH-1 - inherited
chlorite, pre-ore stage, Zadni Chodov, Vi-18 —inherited chlorite, pre-ore stage, Vitkov II.
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displays chlorites from the West Bohemian uranium deposits (Zadni Chodov, Vitkov II)
(Fig. 7, 8, 9). The Mg/(Mg + Fe) ratio for authigenic chlorite from syn-ore and post-ore stage
of the Roznd uranium deposit is quite similar (0.45-0.55), whereas the values of this ratio for
authigenic chlorite from the Okrouhla Radoun uranium deposit are partly lower (0.30-0.57).
However, the Mg/(Mg + Fe) ratio in authigenic chlorites from the Zadni Chodov and Vitkov
IT uranium deposits is distinctly higher (0.74-0.88).
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Figure 7. Classification diagram for chlorite from the Rozna uranium deposit according Hey [30].

From chemical composition of chlorites can be estimated temperatures of hydrothermal
alterations in these ore deposits. The used chlorite thermometer for chlorites from pre-ore stage
in the RoZna uranium deposit yielded temperatures from 219 °C to 310 °C. Authigenic syn-ore
chlorites from all four uranium deposits indicate a temperature range from 145 °C to 210 °C.
Authigenic post-ore chlorites are relatively rare and yielded temperatures for 150 °C to 170 °C.
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7. Composition of white mica

The white mica occurs in altered rocks of the Sn-W and U ore deposits as relatively rare
mineral. The majority of white mica has composition of muscovite with variable content of
water (hydromuscovite), Fe, Mg, Na and Ca (Table 3, Fig. 10).

20 : T ! T ! T T T T
L Fphi

-
(6]
T

Fmu a .

Fe + Mg (apfu)
o
T

<

w»
T
1

a

ke
00 L | - 1 L | L L L

"6.0 6.2 6.4 6.6 6.8 7.0
Si (apfu)

A Hub stock, Krasno-Horni Slavkov ore district
o RoZna uranium deposit

m Okrouhld Radouri uranium deposit

o Vitkov Il uranium deposit

Figure 10. Plot of Fe + Mg (apfu) vs. Si (apfu) for white mica from the Krasno-Horni Slavkov ore
district, Rozna, Okrouhla Radoun and Vitkov II uranium deposits.
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wt.% Hub-27|Hub-30|Ro-12 |Ra-1 |Ra-2 |Vi-1 |Vi-3 |Hub-18 [Hub-19 |SPO-2
SiOz 4830 [48.87 [48.82 |46.63 [45.45 |45.96 [47.98 |50.90 |50.94  |48.52
TiO2 006 005 ]0.00 (012 ]0.02 |0.32[0.40 [0.03 0.01 0.08
ALOs 3438 |34.69 [34.37 |35.52 |37.23 |34.07 |33.25 |34.83 [35.52 |26.03
Cr20s 001 ]0.01 ]0.00 [0.05 ]0.02 |0.00 [0.00 |0.03 0.00 0.00
FeO 141 128 [024 |148 [1.06 |0.64 |1.05 |0.98 1.42 6.82
MnO 004 006 ]0.00 [0.02 ]0.08 |0.02 [0.00 [0.19 0.16 0.04
MgO 027 030 056 [0.73 |0.62 |0.54 [2.25 [0.19 0.28 1.78
CaO 0.05 [0.05 [0.00 [0.01 [0.00 [2.62 |0.00 |[0.29 0.46 0.15
Na:0 016 019 040 [0.69 |0.67 |0.02 [0.26 [0.12 0.15 0.06
K20 10.10 1021 |9.69 [10.55 |10.78 [10.07 |10.21 |8.32 7.13 9.31
F 091 090 |0.00 [0.08 ]0.03 [0.00 |0.00 [0.31 0.15 0.00
Cl 001 ]0.02 ]0.00 [0.01 ]0.00 |0.00 [0.00 {0.00 0.03 0.00
H20 calc. 4.08 |413 [453 |449 |452 |445 [453 |4.50 4.60 4.30
Total 99.78 |100.76 [98.61 [100.38 |100.48 [98.71 |99.93 |100.69 [100.85 |97.09
apfu

Si* 641 642 647 1618 16.02 16.19 [6.35 |6.57 6.53 6.77
AV 159 |1.58 [1.53 [1.82 |1.98 |1.81 |1.66 |1.43 1.47 1.23
AV 378 379 383 [3.72 |3.82 [3.60 |3.52 [3.86 3.89 3.04
Ti+ 001 |0.01 [0.00 ]0.01 0.00 ]0.03 ]0.04 |0.00 0.00 0.01
Fe? 016 |0.14 [0.03 [0.16 [0.12 ]0.07 ]0.12 ]0.11 0.15 0.80
Cr> 0.00 |0.00 [0.00 ]0.01 |0.00 ]0.00 ]0.00 ]0.00 0.00 0.00
Mn? 0.00 |0.01 [0.00 ]0.00 0.01 ]0.00 ]0.00 ]0.02 0.02 0.01
Mg? 005 |0.06 [0.11 ]0.14 |0.12 |0.11 ]0.44 ]0.04 0.05 0.37
Ca* 001 |0.01 [0.00 ]0.00 [0.00 ]0.38 ]0.00 ]0.04 0.06 0.02
Na'* 0.04 ]0.05 ]0.10 |0.18 ]0.17 ]0.01 ]0.07 ]0.03 0.04 0.02
K 171|171 [1.64 [1.78 [1.82 |1.73 [1.72 |1.37 1.17 1.66
OH™ 400 (400 400 |4.00 |4.00 |4.00 |4.00 [4.00 4.00 4.00
O 24.00 [24.00 [24.00 |24.00 [24.00 |24.00 [24.00 |24.00 |24.00 [24.00
Mg/(Mg +Fe)|0.25 030 |0.80 |0.47 |0.51 [0.60 ]0.79 ]0.26 0.26 0.32

Table 3. Representative analyses of white mica and illite from the Krasno—Horni Slavkov ore district,
Rozna, Okrouhla Radoun and Vitkov IT uranium deposits.

Hub-27, 30 — muscovite, argillized granite, Krasno-Horni Slavkov ore district, Ro-12 — muscovite, altered
gneiss, Rozna uranium deposit, Ra-1, 2 — muscovite, altered two-mica granite, Okrouhla Radour uranium
deposit, Vi-1, 3 — muscovite, altered biotite granite, Vitkov Il uranium deposit, Hub-18, 19 —illite, argillized
granite, Krasno—Horni Slavkov ore district, SPO-2 — illite, altered gneiss, Roznd uranium deposit.

The lowest content of Fe (0.01-0.16 apfu), Mg (0.00-0.06 apfu), Na (0.01-0.05 apfu) and Ca
(0.00-0.01 apfu) displays muscovite from greisenized topaz-albite granites of the Hub stock
(Krasno-Horni Slavkov ore district). Similar low contents of these elements were found in
white mica from the Rozna uranium deposit. The white mica from the Okrouhld Radoun
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uranium deposit is partly enriched in Fe (up to 0.43 apfu) and Mg (0.11-0.39 apfu). The
white mica from this uranium deposit displays also enrichment in Na (0.12-0.22 apfu). The
white mica from the Vitkov II uranium deposit has highly variable content of Mg (0.0-0.73
apfu) and analysis with the highest content of Mg can be classified as phengite (Fig. 10).

8. Composition of clay minerals

Chemical composition of clay minerals (illite, kaolinite, smectite, corrensite) was determined
only for illite, kaolinite and smectite. Corrensite is distinctly rare mineral, which was not
found in thin sections that are analysed by microprobe. Kaolinite and illite were identified
by XRD method in all examined deposits. Chemical analyses of these clay minerals were
plotted in the M*R® — 2R3 — 3R? diagram modified by Velde [19] (Table 4, Fig. 11). However,
they are analysed only in argillized granites from the Krasno-Horni Slavkov ore district and
in altered rocks from the Rozna and Okrouhla Radoun uranium deposits. In kaolinite from
argillized granites of the Hub stock (Krasno-Horni Slavkov ore district) content of Si is
lower (3.45-4.08 apfu) than its content in kaolinite from altered rocks in the Okrouhla
Radoun uranium deposit (4.03-4.17 apfu). Some differences in chemical composition of
kaolinite from both ore deposits display also contents of Fe, Mg, Ca and K. In kaolinite from
the Krasno-Horni Slavkov Sn-W ore district occur enrichment in Fe (0.02-0.26 apfu), Ca
(0.00-0.07 apfu) and K (0.00-0.10 apfu). Contents all these elements in kaolinite from the
Okrouhla Radoun uranium deposit are lower — Fe (0.01-0.08 apfu), Ca (0.01-0.06 apfu) and

M+R3 M'R?

2R’ 3R’
® kaolinite, Krasno-Horni Slavkov ore district
m illite, Krasno-Horni Slavkov ore district
A smectite, Krasno-Horni Slavkov ore district
O kaolinite, Okrouhla Radoun uranium deposit
A smectite, Okrouhld Radouri uranium deposit

Figure 11. Plot of M*R3 - 2R3 — 3R? according Velde [19] for clay minerals from the Krasno-Horni
Slavkov ore district and Okrouhld Radoun uranium deposit.



96 Clay Minerals in Nature — Their Characterization, Modification and Application

wt.% Hub-13 | Hub-30 | Hub-36 Ra-12 Ra-15 Ra-16 Ra-13
SiO2 46.80 4692 [39.52 48.38 50.57 47.27 52.05
TiO:2 0.00 0.02 0.00 0.02 0.00 0.00 0.00
ALOs 38.61 38.01 [14.06 36.66 3043 37.32 27.18
Cr20s 0.01 0.00 0.00 0.00 0.00 0.01 0.02
FeO 0.30 0.23 1.43 0.31 1.10 0.11 1.49
MnO 0.00 0.06 0.11 0.00 0.02 0.06 0.00
MgO 0.07 0.08 0.06 0.46 3.06 0.28 3.49
CaO 0.15 0.08 0.08 0.21 0.58 0.46 0.64
Na20 0.04 0.05 0.02 0.02 0.01 0.01 0.06
K20 0.20 0.06 0.36 0.03 0.47 0.01 1.85
F 0.09 0.08 0.00 0.00 0.00 0.00 0.00
cl 0.00 0.01 0.00 0.01 0.03 0.00 0.05
H>20 calc. 13.88 13.80 | 13.74 13.96 13.82 13.85 13.74
O=(F, C]) 0.04 0.04 0.00 0.00 0.01 0.00 0.01
Total 100.11  [99.36  |100.38 100.36 | 100.08 99.49 100.56
apfu

Si+ 4.03 4.06 3.45 4.16 4.39 4.09 4.54
AIV 0.00 0.00 0.55 0.00 0.00 0.00 0.00
AV 3.92 3.88 4.08 371 3.11 3.81 2.79
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe? 0.02 0.02 0.10 0.02 0.08 0.01 0.11
Cr* 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn?" 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Mg 0.01 0.01 0.01 0.06 0.40 0.04 0.45
Ca* 0.01 0.01 0.01 0.02 0.05 0.04 0.06
Na'* 0.01 0.01 0.00 0.00 0.00 0.00 0.01
K 0.02 0.01 0.04 0.04 0.05 0.01 0.21
F!- 0.05 0.04 0.00 0.00 0.00 0.00 0.00
CI- 0.00 0.00 0.00 0.00 0.01 0.00 0.02
OH™ 7.98 7.98 8.00 8.00 8.00 8.00 7.99
O 18.00 18.00 | 18.00 18.00 18.00 18.00 18.00
Mg/(Mg + Fe) | 0.29 0.37 0.07 0.73 0.83 0.82 0.81

Table 4. Representative analyses of clay minerals from the Krasno—Horni Slavkov ore district and
Okrouhld Radoun uranium deposit.

Hub-13, 30, 36 — kaolinite, argillized granite, Krdsno—Horni Slavkov ore district, Ra-12, 15, 16 — kaolinite,

argillized gneiss, Okrouhla Radoun uranium deposit, Ra-13 — smectite, argillized gneiss, Okrouhla
Radoun uranium deposit.

K (0.00-0.08 apfu). However, the content of Mg (0.02-0.45 apfu) is partly higher in kaolinite
from the Okrouhld Radouri ore deposit, whereas kaolinite from the Kradsno-Horni Slavkov
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ore district is in Mg depleted (0.00-0.07 apfu). Illite from both type deposits is partly
enriched in Fe (0.07-0.11 apfu). Smectite from the Krdsno-Horni Slavkov ore district is
enriched in Fe (0.25 apfu) and Ca (0.15 apfu), whereas smectite from the Okrouhla Radoun
ore deposit is enriched in Mg (0.45 apfu).

9. Discussion

The associations of chlorites and clay minerals and their chemistry were studied in
unconformity-type uranium deposits occurred in Canada [6] and Australia [1, 2]. In these
deposits were studied layered silicates in mineralized shear zones, which are evolved in
various altered metasediments. In both areas are clay minerals represented predominantly by
chlorites and smectites. Authigenic chlorites from unconformity-type uranium deposits
occurred in Australia are enriched in Mg [1,2]. The clay minerals assemblage is usually
enriched in illite-smectite mixed layer minerals. Illite-smectite mixed layer minerals together
with kaolinite and chlorite are characteristic for argillized granitic rocks occurred in uranium
ore deposits from the French Massif Central [3]. The temperatures, which were determined
by chlorite thermometry in the Rozna, Okrouhla Radoun and Vitkov II uranium deposits can
be well correlated with temperatures obtained by study of fluid inclusions [10, 20].

The greisenized and argillized granites connected with Sn-W mineralization are usually
enriched in kaolinite and illite [4, 5, 7]. In greisens from Sn-W ore deposits evolved in the
Saxothuringian Zone of the Bohemian Massif was also found dickite [9], together with smectite
and illite-smectite mixed layer minerals [21]. The cookeite, which was found in cassiterite—
enriched pockets in the Krasno-Horni Slavkov ore district [8] occurs also in other tin ore
deposits [22]. Temperature of the cookeite origin can be estimated from data on cookeite
stability [23] at 270-350 °C. This temperature can be well correlated with temperatures of clay
minerals origin in ore pockets obtained by fluid inclusion study [24]. Occurrences of corrensite
were recorded usually from hydrothermally altered intermediate to basic volcanic rocks [25,
26, 27]. Similar association of corrensite with kaolinite, illite and mixed-layer illite/smectite was
found in granitic cupola of the Montebras, France [28]. According to Velde [19], the thermal
stability of corrensite ranges from 180-200 °C to 280 °C. This temperature is in agree with the
homogenization temperatures, which were found in quartz-fluorite veinlets occurred in
arigilized greisens of the Krasno-Horni Slavkov ore district [24].
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1. Introduction

The mineral part of the soil is inherited from the parent material but it modifies under the
influence of different factors and processes.

The Earth’s crust contains almost 100 elements and only 8 of them (O, Si, Al, Fe, Ca, Na, K,
and Mg) form 98.5% of the crust and compose the base of the soil body. Most of the soil
types contain 60% of all existing minerals where the silicates and aluminosilicates are the
most dominating ones. They are present in a form of primary and secondary minerals. The
primary minerals originate as a result of igneous, sedimentary, and metamorphic rocks’
weathering while the secondary minerals originate as a result of chemical weathering of the
primary minerals.

Theoretically, the soil contains all the different types of minerals but the real number and
type of the minerals that constitute one type of a soil is quite limited.

The clay minerals are large group with common silicate characteristics. According to (Ili¢, et
al., 1975), these minerals evolve from a surface weathering of the aluminosilicates in the
parent rock or a deposit of surface water.

According to (Kosti¢, 2000), phyllosilicates (clay minerals) dominate in the clay fraction
(<0.002mm or 2 microns) of many soils which affect the physical, physical-chemical, water-
physical and physical-mechanical properties of the soil (plasticity, stickiness, swelling,
shrinkage, cohesion) and the soil structure and moisture retention as well.

The degree the mineralogical composition affects the soil moisture retention depends on the
percentage amount and fraction of the clay minerals present in a soil type. The clay particles
represent the most active part of the fine earth because of their large external and internal
active surface, cation-exchange capacity (CEC) and mineralogical composition (Skori¢, 1991).

I NT EC H © 2012 Mile and Mitkova, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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Many authors such as Barteli and Peters, Salter et al, Petersen et al. cit. by (Pelivanoska,
1995), state that the increase content in the slightly smaller particles increases the surface of
tangency between the solid phase and soil moisture.

In addition to the mineralogical composition of the clay explanation presented before, the
paper researches the influence of the moisture retention given the different levels of tension
in soil (starting with 0.1 (pF-2) and going to 15 bar or (pF-4.2), which corresponds to the
wilting point). The remaining soil moisture above 15 bar is not available to the plant
(Bogdanovi¢, 1973).

According to (Filipovski et al., 1980) the presented model research is based on three
moments: (1) the unexplored research in influence of the mineralogical composition of soil
retention curves in the recent years; (2) their practical and theoretical importance; and (3) the
great importance in the periods with aridity conditions and irrigation conditions.

The clay mineral content and the soil retention curves represent a significant characteristic
for each soil horizon, subhorizon or layer and the soil profile as a whole. As a result of the
laboratory investigation in the mineralogical composition of many soil types the moisture
retention curves are created for each horizon, subhorizon or layer.

We are presenting our research and research made by other authors on the mineralogical
composition of clay and how it influences the moisture retention in 6 soil types: Fluvisol,
Chernozem, Vertisol, Chromic Luvisol on saprolite, Albic Luvisol and Molic Vertic Gleysol (WRB -
2006, World Reference Base for Soil Resources).

The water retention curves are very different because the soils have heterogeneous mineral
content.

2. Material and methods

The Republic of Macedonia is situated in the central part of the Balkan Peninsula. Its total
territory is only 25,700 km?, but it shows a great diversity of natural conditions. Here, as a
natural museum, can be seen almost all relief forms, geological formations, climatic
influences, plant associations and soil which appear in European. The relief is very
heterogeneous, with numerous relief forms, with different expositions and inclinations, and
with great differences altitude (from 40 to 2764 m above sea level). In Macedonia, there are
numerous geological formations of a very heterogeneous petrographic-mineralogical
composition. The mountains are composed of non-calcareous hard rocks, including
quartzite and various silicate rocks: acidic, neutral, basic and ultrabasic rocks; as well as of
calcareous rocks such as pure limestones, marbles and dolomites. Basins are composed of
loose and lightly cemented sediments, and a small quantity of young volcanic rocks.
Undulating-hilly terrains in the basins are composed of sea and lake sediments (Mesozoic,
Paleogenic, Neogenic, diluvial (superficial) deposits. The sloping terranians consist of
colluvial and some fluvioglacial deposits. Macedonia is under the influence of two zonal
climates (Mediterranean and temperate — eastern continental) and one local (mountain)
climate (Mitkova et. al., 2005).
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A great heterogeneity appears in the soil cover, too (40 soil types and even more subtypes,
varieties and forms).

The places where the soil profiles have been dug are marked with GPS coordinates (Figure
1). Fluvisol 41%1, 08’ 55" N and 22926, 14’ 15" E; Chernozem 4149, 38’ 58" N and 22°00, 45’
29" E; Vertisol 4149, 06" 42”” N and 22°11, 59’ 71" E; , Chromic Luvisol on saprolite 41°54, 00’
31” N and 2215, 57’ 59" E; Albic Luvisol 41°42, 41’ 65" N and 22°49, 04’ 56”" E; Molic Vertic
Gleysol 41920, 45’ 63" N and 21°25, 38" 49" E.

Figure 1. Location of Profile pits

The following methods were used for analysis of soil materials: mechanical composition was
determined with the dispersion of the soil with 1 M solution of NasP>0O7 x 10 H20. First, 10 g
soil sample was put in Erlenmeyer flask, the 25 ml of 1 M NasP207 x 10 H20 solution was
poured into the flask, left for 12 hours, and the mixed for six hours. Finally the suspension
was sieved through a 0.2 mm sieve into the 1000 ml cylinder and then pipetted - (Skorié,
1986). Fractionation of mechanical elements was done by the international classification of
soil texture by Scheffer & Schachtschabel (Mitrikeski & Mitkova, 2006). The pH of the soil
solution was determined electrometrically in a water suspension and in a suspension of
H:0. The humus content was determined on the basis of the total carbon according to the
Tjurin method, modified by Simakov (Orlov et al., 1981).

Mineralogical composition of clay was determined by diffractometer, brand PHILIPS, type
PW 1051 in range 20 = 50 + 607, at wavelenght radiation (Cu, Ka). Mineralogical composition
analysis was done at Mining and Geology Faculty at University of Belgrad, Republic of
Serbia. To determine the clay minerals in each soil sample, two products were made, one of
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which was untreated, and the filled with glycerin, while the other was annealed at
temperatures of 480° C for the determineted type of clay minerals in the range 20 = 30+14°
(methods are described by (Puri¢, 1999 and 2002).

The soil moisture retention at pressures of 0.1 bar (pF-2), 0.33 bar (pF-2.54) and 1 bar (pF-3)
was carried out with application of pressure by Bar Extractor (Fig. 2), while the soil moisture
retention at higher pressures 2.0 bar (pF-3.3); 6.25 bar (pF-3.90); 11 bar (pF-4.04) and 15 bars
(pF-4.2) was carried out with Porous plate extractor (Richards, 1982), described by
(Resulovi¢ et al., 1971).

Figure 2. Preparing soil and placing samples on Bar extractor and Porous plate extractor

3. Review of references and discussion

The soil water retention is a result of two forces: adhesion (soil particles attract the water
molecules) and cohesion (mutual attraction of the water molecules). The adhesion is much
stronger than the cohesion. The force which retains the water in the soil is called capillary
potential and is closely related to the water content. The free flowing water in the soil has a
capillary potential equal to zero, a condition where all the soil pores, both capillary and non-
capillary, are filled with water. Soil water potential can be determined indirectly by recourse
to measurements of soil water content and soil water release or soil moisture characteristic
curves that relate volumetric or gravimetric content to soil water potential. The
measurement of water potential is widely accepted as fundamental to quantifying both the
water status in various media and the energetics of water movement in the soi I- plant-
atmospheric continuum (Livingston, 1993). Mukaetov (2004) underlines that by decreasing
the water content in the soil the value of the capillary potential is increased. In order to
assess the humidity of the soil using the capillary potential Schofiled 1935 quot. (Vuci¢,1987)
has proposed the pF values where the force of the water in the soil is expressed on the
height of a water column in cm (1 bar = 1063 cm water/cm?). The pF values are affected by
the mechanical content and according to the same author, the bigger the participation of the
fine fractions the greater the pF values, especially under pressure of 0.33 bars.
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It is known that clay minerals that are characterized with swelling (smectites, vermiculite)
have stronger moisture retention ability than other clay minerals. Warkentin & Meada (1974),
Meada & Warkentin (1975), Rausseaux & Warkentin (1976) concluded that amorphous
materials such as allophanes (hydratated aluminosilicate minerals) are characterized with
high moisture retention ability.

All the factors mentioned show a strong influence in the specific surface area of the soils.
The water retention capacity is defined by the total osmotic surface activity (Shainberg et al.,
1971). The loamy soils and the clay soils, especially if their clay fractions contain swelling
minerals are characterized with large active surface and fine pores (Voronin, 1974).

According to Hillel, (1980) not only the mineralogical composition but also the mechanical
and organic matter content of the soil affects the water- physical relations.

In Table 1 we have a presentation of the mechanical composition of soils.

Silt
. Soils Depth in |Total sand Cla Silt + Cla
Profile| B - 2006): Ic)m 0.0022mm| %% | 0.002}1711m <0.02mmy Textural class®
0.02mm
0-20 46.30 40.20 13.50 53.70 Loam
P1  |Fluvisol 20-35 49.60 37.30 13.10 50.40 Loam
35-50 48.10 38.60 13.30 51.90 Loam
50-70 53.10 35.00 11.90 46.90 Sandy loam
0-40 55.80 13.60 30.60 44.20 Sandy clay loam
40-60 53.20 13.70 33.10 46.80 Sandy clay loam
P2 |Chemozem 60-90 4250 15.00 4250 57.50 Clay
90-110 44.30 18.60 37.10 55.70 Clay loam
0-26 45.90 15.40 38.70 54.10 Loam clay
26-54 46.40 18.00 35.60 53.60 Loam clay
P3 |Vertisol 54-105 40.90 15.60 43.50 59.10 Loam clay
105-150 34.10 23.50 42.40 65.90 Loam clay
150-165 46.90 15.60 37.70 53.10 Loam clay
Chromic 0-15 38.10 38.10 23.80 61.90 Loam
P4 |Luvisol on 15-30 25.10 40.10 34.80 74.90 Clay loam
saprolite 30-55 21.50 41.30 37.20 78.50 Clay loam
55-70 25.00 45.80 29.20 75.00 Clay loam
0-8 45.20 41.90 12.90 54.80 Loam
8-23 46.90 36.60 16.50 53.10 Loam
P5 |Albic Luvisol 23-33 33.80 35.00 31.20 66.20 Clay loam
33-44 52.30 29.60 45.10 47.70 Clay loam
44-65 35.20 26.60 38.20 64.80 Clay loam
0-30 24.40 23.60 52.00 75.60 Clay
P6 Molic Vertic 30-65 26.20 18.70 55.10 73.80 Clay
Gleysol 65-85 21.50 16.50 62.00 78.50 Clay
85-124 29.70 14.80 55.50 70.30 Clay

2(WRB - 2006) World Reference Base for Soil Resources
bScheffer & Schachtschabel textural class

Table 1. Mechanical composition of soils
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(Maclean & Yager, 1972), (Jamison & Kroth, 1958), (Shaykewich & Zwarich, 1968) and
(Heinonen, 1971) studied the effect of the organic matter and the mechanical content over
the water retention in several soils throughout U.S., Europe and Asia. The research
conducted by (Hollist et al., 1977) confirms that the soil water retention in the West
Midlands (United Kingdom) depends mostly on the organic matter and the mineralogy
content of the soil.

According to Filipovski, (1996), soil water retention in different tension is in tight correlation
with humus, clay, and silt content and mineralogical composition of the clay.

The data for the mineralogy content of the clay within the fluvisol (profile 1, table 2) are
showing that it consists of a more minerals. This is a result of both the different mineralogy
content of the rocks which when weathering result in clay minerals and the conditions
where the weathering takes place (Filipovski et al., 1980).

Results in the Tables (2, 3, 4, 5, 6, 7 and 8) are given semi quantitatively, thus the presence of
certain minerals is indicated by plus (+), which indicate the presence of the individual
minerals (+++++) > 70%; (++++) = 50-70%; (+++) = 30-50%; (++) = 10-30% and (-) = traces (tr.).

Depth Chemical properties Clay mineralogical composition
cm
Organic | CaCOs | pH | £
matter % in § iﬁ @ & N =
% HO| E | B| & E | E | 5| &
c | E = = = s o
E|E| F = S & | =
- 5} @) 7 2
g | »
=
0-20 1.40 0.00 6.40 | ++ - |+ + +++ - -
20-35 0.85 032 | 730 | + - +++ tr. 4+ - +
35-50 0.57 047 | 7.60 | + - +++ tr. ++++ |t -
50-70 0.26 0.55 7.80 | ftr. - ++ tr. ++++ - -

Table 2. Chemical properties and clay mineralogical composition of Fluvisol

In this profile, according to the same authors is deposited detritus that comes from the
silicate rocks consisting of albite, quartz, sericite, chlorite schists and from the soils over
them with an acid reaction. Therefore the fluvisol is richer in kaolinite and illite arising from
the sericites. Parts of the slates contain ferromagnesian minerals and their decomposition
result in montmorillonite. The clay minerals in profile 1 are represented with the association:
kaolinite-illite-montomorillonite.

If we are continuously measuring the tension of the soil moisture and for each tension we
are measuring the amount of moisture expressed in volume percentages and then we put
the data on coordinates for each horizon, we come to the retention curves. The express the
ratio between the attracting forces (tension) and the amount of soil moisture. The soil water
retention curves are sometimes called desorption curves, indicating that the measurement
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determines how much water is retained by the soil at each successively lower matric
potential (Topp et al., 1993). They indicate the availability of water capacity in which the
upper limit is field water capacity while the lower limit is wilting point. Using the given
limits, it is easier to understand when the irrigation would take place and how much water
the plant requires. Furthermore, the retention curves are also used to explain the water
movement in the soil. Soil water retention curves are useful directly and indirectly as
indicators of other soil behavior traits, such as drainage, aeration infiltration, and rooting
patterns. Retention curves are the relationship between soil water content and soil water
potential (matric potential) for soil during a drying phase.

As a result of the values received from the determination of the soil moisture with ten
different tensions (0.1; 0.33; 0.75; 2, 6.25; 11 and 15 bars) we get the retention curves (Fig. 3)
of the soil moisture for profile 1.

45
40
35
30
25
20
15
10

== Ap
=== Amo

AC

==

Soil moisture in %

N 4

0 2 4 6 8 10 12 14 16
Tension of soil moisture in the bar

Ap - tillage mineral horizon; Amo- mollic horizon; AC - transitional horizon; C - substrate (parent material)

Figure 3. Soil moisture retention curves for Fluvisol

The retention curves of the profile show that the retention moisture is low (small content of
clay and humus). The curves up to tension of 2 bars show quite big slope and afterwards,
they are almost horizontal at a tension of 15 bars. Due to the similar mechanic and
mineralogy content of the soil, the retention curves do not differ essentially (Filipovski et al.,
1980). As a result of the smallest clay content, silt, smectites and humus in the lowest layer
of the soil, it shows the lowest retention.

In Table 3 we have a presentation of the clay mineralogical composition in the chernozem
(profile 2). The clay mineralogical composition depends on the stratification of the substrate.
Until the depth of 90 cm in the chernozem there is almost the same amount of illite and
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smectites (montmorillonite) and small contents of vermiculite and kaolinite. The illite
prevails until the depth of 40 cm, and the smectites (montmorillonite) prevail deeper, at 90
cm (Markoski, 2008).

Depth Chemical properties Clay mineralogical composition
o Organic |[CaCOs %| pH °
matter % in H20 2 = P 9 N
> g 2 8 g E
g £ = S = 2
%3 b v/ @) <
>
0-40 1.64 0.0 7.4 + + ++ + -
40-60 1.61 0.0 7.4 ++ + ++ + -
60-90 1.33 0.0 7.3 ++ + ++ + -
90-110| 1.17 17.36 8.2 +++ + ++ + tr -

Table 3. Chemical properties and clay mineralogical composition of Chernozem

In conditions of layers and lithological discontinuity it is hard to explain the increase of
smectities beneath 90 cm. It is most common in other processes (transformation of other
minerals or transfer of the minerals). None of the mineral is absolutely dominant, but the
bigger representation of the minerals with the type of layers 2:1 (illite, smectite, vermiculite)
compared to the minerals with type of layers 1:1 (kaolinite). The 2:1 layers of the mineral in
the group of smectities have a bond weak and thus, when moisturized, water molecules and
different ions enter between them and they become distant. The montmorillonite has active
an internal areas between the layers and the ions and water molecules are adsorbed in the
inside and outside (extramicellar and intramicellar adsorption). Due to this the
montmorillonite has a high cation-exchange capacity (CEC), high degree of hydration,
dispersion, plasticity, viscosity and swelling in humid conditions. When dried, the layers
come nearer and the particles are contracting. Montmorillonite under commonly prevailing
pH conditions converted to non-expanding hydrous mica - illite. The structure of illite in
comparison with montmorillonite has a higher layer charge arising from isomorphous
substitution of AI** for Si* in the tetrahedral sheet and interlayer is occupied by non-
hydrated K* ions. The illite has a lower cation-exchange capacity (CEC) and does not
manifest signs of swelling, plasticity or viscosity. Vermiculite is a high-charge 2:1
phyllosilicate clay mineral. It is generally regarded as a weathering product of micas in
which the potassium ions between the molecular sheets are replaced by magnesium and
iron ions. Vermiculite is also hydrated and somewhat expansible though less so than
smectite because of its relatively high charge. As a result, the vermiculite has a bigger
cation-exchange capacity (CEC) and similar to the smectites, it manifests swelling, plasticity
and viscosity.

The data for the water retention capacity in the chernozem are showing that the biggest
value is found in the mollic Amo horizon (bigger content of humus, clay and colloids).
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Furthermore, high values for wilting point are received (pressure of 15 bars). The highest
value is found in the Amo horizon (high content of the fraction of physical clay (clay and
silt), as well as the presence of bigger number of micro-pores). The retention curves of the
profile show that in all the horizons starting from tension of 2 bars, are almost horizontal
(Fig. 4). A gradual change in the retention forces can be noticed coming with the change of
moisture without jumps. This shows that the division of the soil moisture in different forms
cannot be justified with the retention curve because the decrease of the amount of water
does not have big jumps under different tensions.

45 =o—=Ap
40
X == Amo
< 35
E" 30 U Amo
§ 25 = AC
(72}
E 15 I
% 10 m
5
0
0 2 4 6 8 10 12 14 16
Tension of soil moisture in the bar

Ap - tillage mineral horizon; Amo- mollic horizon; AC - transitional horizon

Figure 4. Soil moisture retention curves for Chernozem

When speaking about the mineralogy content of the vertisol we can say that it is equal in the
whole depth of the profile (Table 4). It is formed on lacustrine clay sediments and it has
inherited the clay minerals from the substrate where all the secondary minerals do not
represent products of weathering of the basic rocks only. Between the substrate, the AC
horizon and the humus horizon there is no difference; thus the processes of pedogenesis did
not change the composition of clay (Jovanov, 2010). It is equaled by the pedoturbation. The
equality of the composition of clay in the substrate and the soil is yet another proof for the
“lithogenous” character of the vertisols i.e. for its genesis related only to certain substrates
rich in smectites (montmorillonite) or such that during weathering were converted mainly
to montomorillonite. According to (Dudal, 1956) in the vertisols in Mississippi (U.S.), the
smallest fraction (the clay has 2-3 times bigger cation - exchange capacity) contained more
montmorillonite than the larger fractions. The presented profile of vertisol is characterized
by dominant presence of the montmorillonite and mixed layer minerals (illite -
montmorillonite) where it prevails. Afterwards, illite, chlorite and kaolinite which are a
result of the weathering of different rocks made up the fields above the lacustrine
sediments.
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Depth Chemical properties Clay mineralogical composition
cm | Organic | CaCOs | pH =
matter % % in __S _-‘;g ) o N § @
wo| % | 2| g 5| E|§|EE
E|E|F| 8| 8|58t
E | = * <
>
0-15 3.32 000 | 58 | ++++ - ++ - + Tr -
15-77 2.19 0.00 63 | ++++ - ++ - + Tr -
77-94 1.72 0.79 72 | ++++ - ++ - + Tr -
94-117 0.94 5.06 76 | ++++ - ++ - + Tr -
117-145 0.33 3.95 7.5 / / / / / / /

Table 4. Chemical properties and clay mineralogical composition of Vertisol

The vertisol is characterized with several more important characteristics of retention curves
(Jovanov, 2010), (Fig. 5).
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Ap - tillage mineral horizon; A — humus accumulative horizon; Aca — carbonate/calcareous humus accumulative
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Figure 5. Soil moisture retention curves for Vertisol

Firstly, due to the high content of clay and its montomorillonite (smectite) character, the
moisture retention is very high in the whole depth of the profile. The second characteristic is
that the release of moisture during low tension (not bigger than 2 bars) is slow and therefore
the curves do not have a big slope, and with a further increase of the tension (15 bars), the
curves are almost horizontal, with an insignificant slope. It can be explained with a high
percentage of micro-pores through which the water is slowly released. Therefore, with the
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increase of the tension i.e. decrease of the moisture, the plants in these soils are suffering the
lack of moisture respectively spending more energy for its reception because it is held with
much bigger retention forces. The third characteristic of the curves is that they are relatively
close to each other meaning that there is no big difference in the moisture retention between
the separate horizons (equal mineralogical content of the soil, homogeneity of the profile).

The profile of the chromic cambisol is composed of andesite breccia rich in volcanic ash and
contains a few clay minerals in crystal form. The secondary minerals are a result of the
weathering of the primary minerals in the andesites. The volcanic ash mixed with the
breccia resulted in amorphous minerals (Filipovski et al., 1980).

In the biggest fractions there are more primary minerals, but only two are dominant — the
quartz and the feldspar (together more than 90%), (Table 5). Mostly, quartz is found in the
fraction of 0.05 — 0.10 mm. There is a tendency for its decrease in the depth of the profile.
Parts of the quarts and feldspar are connected with the fragments of rocks. According to
(Filipovski et al., 1980) this points out to the fact that the chromic cambisols usually contain
the primary minerals such (quartz) which is resistant to weathering or (feldspars) which are
hardly weathers.

Depth Chemical properties Clay mineralogical composition

cm | Organic | CaCOs| pH 2
matter % in § ;g @ 3 . .
% H:0 = g i g = = o
° = = 2 S S <
E é - = 5} o) i)
'E v @) M [+

5] >

>
0-15 2.65 0.00 6.3 + - + - + - ++
1530 | 1.72 0.00 6.1 + ; + ; + P
30-55 | 1.00 0.00 6.4 + ; + ; + P
55-70 1.12 1.42 75 + - + - + . ++

Table 5. Chemical properties and clay mineralogical composition of Chromic Luvisol on saprolite

Practically, the mica and ferromagnesian minerals are weathered into secondary minerals.
In the lower part of the horizon (B) and the horizon (B)C there are conrections. If we review
the mineralogical content of the fraction directly larger than the clay (0.002 — 0.05 mm, Table
6), we can see that the secondary minerals are amorphous and they are dominant
throughout the whole profile and are equally distributed in the whole depth.

There are no crystal secondary minerals, and the primary ones have the same amount of
quartz and feldspar because the breccia is rich in volcanic ash. In the clay fraction the
primary minerals are lost meaning that it only contains secondary minerals. It is a result of
the weathering of the primary minerals of the substrate, from the basic and neutral rocks.
The amorphous minerals are dominant (of the volcanic ash in the substrate) equally
distributed throughout the depth. In all the horizons, including the substrate, there are more
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crystal secondary minerals: illite, kaolinite and montmorillonite (smectite). Mostly there are
amorphous minerals and illite equally distributed throughout the depth. In the profile the
following associations of the minerals occur: in horizon A, amorphous minerals-illite-
kaolinite-smectite, and in horizon (B) amorphous minerals-illite-smectite, with insignificant

presence of quartz.

Depth Mineralogical composition of the soil separate from 0.002 to 0.05 mm
cm ©
- .E U @
] = o = o = =)
= =} — - -— o
E | 2 | E g | £ | % 5| £%
= ° 5 = S s s &
=] Sl E E E B —_ =) =
S 9 £ 5 o o & £ E
T g > <
=
0-15 Tr 0 0 0 0 ++ ++ ++
15-30 Tr ++ 0 0 0 ++ ++ ++
30-55 Tr ++ 0 0 0 ++ ++ ++
55-70 Tr ++ 0 0 0 ++ ++ ++

Table 6. Mineralogical composition of the soil separate from 0.002 to 0.05 mm

For the retention curves of this soil the most significant is the fact that it is rich in clay and
mostly fine clay (under 0.001 mm). The textural differentiation is very clear and this has
reflected in the retention curves where the on the graph (Fig. 6) the retention curves are high
meaning that the moisture retention is big (a lot of clay and amorphous minerals).
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Figure 6. Soil moisture retention curves for Chromic Luvisol on saprolite
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Having in mind that the mineralogy content of the clay is equal throughout the depth, the
retention depends on the clay content: the retention differences between separate horizons
are followed by the content of the clay. The fall of the retention curves starting from the
lower to the upper tensions is big and this, according to (Filipovski et al., 1980) means that a
great part of the water is held with a big force by the soil particles and they are hard to be
released. The textural differentiation is clearly reflected on the moisture retention: the lowest
retention can be seen in horizon A because it contains the least silt, fine clay and clay. The
other probes of the horizon (B) have a bigger retention because they contain more than those
fractions. The curves on these probes are approximated because they contain almost equal
amount of clay and have the same claymineralogical composition.

The albic luvisol is formed on clastic sediments. One part of the clay minerals is inherited by
the substrate and in that regard the inherited minerals in the upper layer (horizons A and E)
are more equal than those in the lower layer (horizon B). Besides, by leaching the clay not all
the clay minerals are leached equally. The montmorillonite (smectite), that has finer particls
and is easily peptized, can be leached in bigger amounts compared to other clay minerals
(Table 7).

Depth| Chemical properties Clay mineralogical composition
cm
. = 2
Organic | CaCO:s [?H o ® % <
matter % in - ° = g 2
% H:0 S = g | £ | B&8w| E
= 5 Y g = 2 X N
= 7] = A g .5 o 0]
= = = = = = & g B
£ E | = | = | §| g2 8
§ | > £ E £
> SRS
e | &
0-8 5.44 0.00 6.0 Tr ++ + - + - ++
8-23 1.79 0.00 53 Tr ++ + - ++ + ++
23-33 | 0.80 0.00 49 + + Tr + + + ++
33-44 | 045 0.00 4.6 ++ Tr Tr - Tr + ++
44-65 | 0.33 0.00 4.6 ++ Tr Tr - Tr - ++

Table 7. Chemical properties and clay mineralogical composition of Albic Luvisol

The profile can be divided into three parts depending on the mineralogical content of the
clay: upper part (horizons A and E), middle part (upper part of the horizon Bt) and lower
part (the lower part of the horizon Bt). It is obvious that the mineralogical content, especially
in (horizons A and E) and the upper part of the horizon B is more complex — it contains 6
different minerals, but in lower amount. In the upper part of the profile is dominated we
have the prevail of the vermiculite followed by the kaolinite and the illite, and we can find
only traces of montmorillonite. It is characteristic that there are many amorphous minerals
(sesquioxides of Fe and Al), nearly as the vermiculite. The middle part has the most complex
content: it is dominated by the amorphous minerals and followed by almost equal amounts
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of kaolinite, vermiculite, illite-vermiculite, chlorite and it also appears in the montmorillonite.
In the lower part of the profile the composition is less complex: it contains mostly amorphous
minerals and montmorillonite (due to the bistratified and the upper translocation), followed
by the illite-vermiculite, and there are only traces of the other minerals. The content of the
illite decreases and of the smectite is increased in the depth of the profile.

According to the data for the content of the organic matter the content of the total and fine
clay and its mineralogical composition (Filipovski et al., 1980) we are discussing a bistratified
profile where the horizons A and E are formed by one, and the horizon Bt by another layer.

The retention curves (Fig. 7) show the strong differentiation of the profile. The content of the
amorphous minerals does not influence this differentiation because their content is equal
throughout the depth of the soil. (Filipovski et al., 1980) explain this with the bistratified
profile and with the pedogenesis processes.

45 ——A
40 ==t
o 2 i Blt

(2
£ 30 1 === B2t
(]
5 25 == B3t
n
'® 20 -+
€
T 1> V\'R A e 7N
(7]
i —il
0
0 2 4 6 8 10 12 14 16
Tension of soil moisture in the bar

A —humus accumulative horizon; E- albic (eluvial) horizon; Blt-illuvial horizon, modif. (argillic);
B2t-illuvial horizon, modif. (argillic); B3t-illuvial horizon, modif. (argillic);

Figure 7. Soil moisture retention curves for Albic Luvisol

The retention curves are grouped in mostly three groups. The lowest retention can be found
in the E horizon (it contains the lowest amount of clay and much less humus compared to
horizon A). In the second group we have the upper part of the horizon Bt (it contains more
clay compared to horizon E), and here we can mention horizon A (the same characteristics
as the horizon E, but with bigger content of humus). It is familiar that the humus has high
retention. In the third group, the biggest retention is reserved for the lower part of the
horizon Bt (it contains mostly clay dominated by the montmorillonite that is characterized
with a high retention of moisture). The ration of the water retention in horizon E to that one
in horizon Bt, under tension of 15 barsis 1 : 2.84.
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When describing the mineralogical content of the clay in the molic vertic gleysol we used data
by (Mukaetov, 2004) and we would like to underline that the sediments in the valley where the
soil were formed have been created during the Quarter. This means that they are very young
and the geo-chemical processes did not reach the high degree of weathering of minerals.
Besides, the same author claims that the proluvial - deluvial deposits that derive from the
surrounding tops are heterogeneous in their composition and consist of granite, gneiss, schists,
as well as marbles and limestone rocks (limestone and lesser degree of dolomite).

The molic vertic gleysol is a homogenous soil that in the bigger part of the year are saturated
with the maximum water capacity. In its biochemical activity in neutral and alkali environment,
the plants take up the bigger part of the potassium of mica and illite. The pushing of the
potassium from the interlayer of illite leads to creation of the so-called "open illite". This is a
phase of minerals arising from vermiculite or smectites. According to (Kosti¢, 2000)replacing K*
with Mg? ions which have a smaller dimension, but are significantly more hydratated led to
creation of vermiculite. During the formation of smectites the balance is established by
introducing water molecules and protons (Hydronium H3O* ion) and the so-called
transformative smectite is received. The partial leaching of the potassium from the interlayer of
mica within the chlorites leads to creation of the inter-stratified minerals in the soil. This can be
proved with the presence of mixed layer of layered silicates of the type chlorite - smectite, as
well as of illite —smectite. The presence of chlorite is confirmed. The chlorite is slowly
weathering in the low reductive conditions of the environment. Furthermore, there is a
significant presence of plagioclase of the type of albite (Na-plagioclase). The biggest part of
orthoclase (K - feldspar) was alternated into kaolinite as a result of the pushing out of the
potassium with the biochemical processes of the swamp plants in the low drained conditions of
the environment and with water of the saturated gley soil. The presence of the amphiboles and
chlorite (ferromagnesian minerals) which are easily weathered in well - drained soils at oxygen
conditions of the environment confirm the previous statement for the low aeration of the soil.

We can see a dominant presence of the montmorillonite (smectites) in the upper part of the
soil. In the lower part the content of the montmorillonite and amorphous minerals is almost
equal (Table 8). It is obvious that this soil contains a lot of minerals that are characterized
with high degree of water retention.

Depth Chemical properties Clay mineralogical composition
cm | Organic | CaCOs pH = o -
matter % in __g = g ] 32
% H:0 = g g £ E | £
g £ = = S g g
E | 3 S | § | E%
§ > <
=
0-10 3.22 0.0 6.6 +++ - Tr - Tr +
10-17 1.22 0.0 6.9 ++++ - Tr - Tr
17-34 1.59 0.0 6.6 ++ - + - Tr ++
34-80 1.38 0.0 6.4 ++ - + - Tr ++

Table 8. Chemical properties and clay mineralogical composition of Molic Vertic Gleysol
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We received high values for the content of moisture that is retained in the molic vertic gleysol
during the wilting range as a result of the high content of silt, clay, organic matter, presence
of clay minerals with high retention (smectites and amorphous phase) as well as the presence
of a large number of fine capillary pores. For the influence of the mechanical content over the
retention in the soil we can take the high positive correlation between the moisture retention
at 0.33 - 15 bars and the content of physical clay and clay (Table 1) and the high negative
correlation between the retention of moisture at 0.33 - 15 bars and the content of sand.

The data presented in the graph (Fig. 8) show a decrease of the retention curves and it is
most obvious at lower pressures. The reason for this is the high content of clay and clay
minerals with high retention (smectites, amorphous minerals), afterwards the retention
curves are stabilized and gradually decreasing.
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Figure 8. Soil moisture retention curves for Molic Vertic Gleysol

The small difference between the retention curves at the upper three horizons according to
(Filipovski et al., 1980) is a result of the combined influence of the clay, humus and
mineralogical content of the clay. The highest retention can be seen in the upper two depths
(richest in silt, clay, humus and presence of smectites, then the AC horizon and the lowest
values can be found in horizon Gso that has the lightest mechanical content and the least
amount of humus and smectites.

4, Conclusion

The analyzed mineralogical content and the retention curves of these types of soil show that
the water retention depends on the content and the type of the clay minerals.
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In general, due to the high content of clay and its smectite character, the water retention within
some soil types is big throughout the whole depth of the profile. The others soil types showed, a
lower retention as a result of the lower content of clay and other minerals (kaolinite and illite).

The soil water retention curves were successfully used in the prediction of the flow of water
and other fluids in soil. Also many attempts have been made to define adequate and yet
useful mathematical functions for the retention curve.

The measurement of soil water retention curves and the reliability of the resulting data are
very important for adequate characterization of a number of other soil phisical attributes.
The information can be used to indicate the soil pore size distribution interpreted in relation
to aeration and water availability for plants, for water flow and infiltration in soil, and frost
susceptibility.
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Chapter 7

The Impact of Clay Minerals
on Soil Hydrological Processes

Milan Gombo3s

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/47748

1. Introduction

In literature clay and clay-loamy soils are sometimes called heavy soils. The origin of this
term lies in agriculture — they are difficult to cultivate and thus increasingly energy
demanding. One of the basic characteristics of heavy soils is their capacity to change their
volume, which is induced by swelling and shrinking processes. These processes occur in
three dimensions. In horizontal plane they are represented by formation of cracks and in
vertical plane by vertical movement of soil surface. With the formation of cracks, soil
environment becomes a two-domain structure, cracks being one domain and soil matrix
being the other one. Shrinkage cracks are distributed through the unsaturated zone of a soil
profile. In general, unsaturated zone is a three-phase system pertaining to litosphere and
limited by land surface upwards and water table downwards. Simultaneously, it is a sub-
system of a wider system formed by atmosphere - plant cover - soil - groundwater. All these
sub-systems are interconnected by interaction (hydrological) processes and together they
constitute soil water regime. Hydrological processes as a part of soil water regime are called
water regime elements. Water regime elements can cause temporal and spacial changes in
soil water storage, which are denoted soil moisture regime.

Soil volumetric changes and related formation, duration and termination processes of two-
domain soil structure have a great impact on the dynamics of soil hydrological processes.
Volumetric changes depend on the content of clay minerals in soil and their response to
contact with water. Clay minerals content in soils is relatively stable and it is characteristic
of every soil type. Soil moisture level varies with the changes in hydrometeorological
conditions, depth of active root zone and the intensity of anthropogenic activity in the area.
Soil water regime and related issues have been well monitored and examined in rigid soils,
i.e. soils which do not shrink. Water transport in unsaturated rigid soil have been described
by Richards' equation [1]. It is based on the theory of laminar flow in small pores. Many
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mathematical models have been developed to be used for numerical solution of this
problem.

In this regard, heavy soils are similar to rigid soils, but only until reaching the point of first
crack formation. The presence of shrinkage cracks considerably alters hydrodynamic
properties of rigid soils and consequently the methods used for the description of rigid soils
water regime cannot be used with cracking soils. At the time of shrinkage crack formation,
heavy soils profile contains two distinct elements: cracks (also called macropores) and soil
matrix (containing, inter alia, micropores). Each of these elements is characterised by very
different conditions for water transport and retention. In the study of a two-domain soil
structure, unlike in the study of rigid soils, it is necessary to consider the phenomena caused
by soil volumetric changes, such as definition of crack network geometry, soil surface
vertical movement, shrinkage characteristics, water flow to cracks, water flow within cracks
and water flow from cracks to soil matrix.

The aim of this chapter is to quantify the impact of clay minerals on soil hydrological
processes. The presented results were gained from the field measurements on Eastern-
Slovak Lowland and from numerical simulation of heavy soils water regime.

2. Clay minerals in soil
2.1. Properties of clay minerals

Crystals of clay minerals are formed by sheets (formed by silicon tetrahedrals and
aluminium octahedrals) of varying number, from 1 (montmorillonite) theoretically up
to infinite. The individual sheets are extremely thin (5 — 10 A) and their specific surface is
very large (15 m2g?! — kaolinite, 80 m2g?! — illite; 800 m2g! — montmorillonite). Sheets
specific surface is very closely linked to the volumetric changes [2]. The larger specific
surface is, the better is the capacity of soil to expand. The surface of clay sheets carries
negative charge and thus it is able to bond molecules of water. As a result, the crystals of
some clay minerals can bond water within their sturcture and expand. They can re-gain
their original volume by drying. The ability of clay minerals to bond water in their structure
and expand is different:

e kaolinite clays — relativelly inactive (in this group only halloysite has a very restricted
ability to bond water);

o illites — low to medium - expanding clays

¢  Montmorillonite clays — extremely expanding clays. In their original form (under
laboratory conditions) they can expand by 1400 up to 2000 % (Na-montmorillonite),
[3].

In nature, clay minerals do not occur in pure form but they combine into mixed structures
composed of various clay and other minerals. In literature, the word “clay” is used for both
clay soil and clay minerals. “Clay”, however, denotes a material that contains clay minerals
smaller than 0.002 mm, as well as material whose structure contains predominantly clay
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minerals [4]. That means the material can be formed not only by clay minerals but also by
other minerals smaller than 0.002 mm, such as silica, carbonates or metal oxides. With
regard to the classification of clay minerals by their grains, clay minerals pertain to the
category 1. of Kopecky division (< 0.01). This is further divided into two sub-categories: I.
colloidal clays (< 0,001 mm) and II. physical clays (0.001 — 0.002 mm) and very fine silt (0.002
— 0.01 mm). Thus when measuring clay minerals content in soil, clay percentage can be
considered the same as the percentage of particles smaller than 0.002 mm (colloidal clay and
physical clay). The limit value of 0.002 mm, which divides clay particles from fine silt, is the
value used most worldwide [5]

2.2. Characteristics of the observed area

Research into the quantification of clay minerals impact on soil hydrological processes was
carried out in the Eastern-Slovak Lowland fig. 1. ESL forms part of a neogene basin, which
was created by irregular tectonic subsidence of crust within Carpathian arc during Neogene
and Post-tertiary. Because of the subsidence, accumulation processes dominated in the area
and a flat lowland surface was formed, mainly composed of fluvial sediments, loess and
windblown sands.
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Figure 1. Localization of the observed area

From the climatic point of view, ESL lies on the boundary between oceanic and continental
climate. The area is characterised by a high changeability of metheorological elements in
time. Precipitations formation is heavily influenced by circulation factors. Long-term avg
sum of precipitations per year is 600 — 900 mm. Annual sum of potential evapotranspiration
is 619 — 687 mm with the maximum value of 115 — 125 mm in July and minimum values in
January. Bearing in mind real moisture conditions of the upper soil layer, the actual
evaporanspiration is lower than the potential. It reaches 450 — 480 mm.

Soil conditions on ESL correspond to the hydro-geological development in the area fig.2.
There is 209 518 ha of farmland. Only 3.2% of the farmland is composed of light soils. Up to
20.6% of the total farmland in the ESL is formed by very heavy soils which contain more
than 75% of clay particles <0,01 mm. The average depth of unsaturated zone is up to Im. It
can be found on 23.36% of the area whereas the unsaturated zone reaches 2m depth on 45%
of the area and 3m depth on 68% of the area.
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Figure 2. Planar distribution of soil types on East Slovakian lowland

2.3. Clay minerals in the soils of Eastern-Slovak lowland

The overall study of mineralogical soil structure in Slovakia was performed in 1970s. The
results were published in Curlik's work [6]. In spite of time distance between the year of
publication and the present time, the work and the data published within are still topical
and applicable. Due to demanding character of determining soil clay minerals in laboratory
and unlike in other analysed areas, where pedological reasearch was performed, selected
methotodology was based on determining the mixed layer clay structures in the individual
soil types. This methodology presumes that pure forms of clay minerals are extremely rare
in nature. More often than not they form combinations of diferent types. The study showed
that predominant clay mineral in ESL is montmorillonite, others are kaolinite, chlorite, mica
clay and mixed structures. The following table 1 illustrates the results of the research and
presents the data from Svitusa probe (48°25 14,007, 28°5502,70°, 95m). This area is typical of
ESL. The analysed soil profile was divided into six horizons from the surface to the depth of
1.50m. The data in the tab.1 concern clay and silt fraction which are typical of ESL.

2.4. Specific features of heavy soils water regime

2.4.1. Vertical and horizontal hydraulic conductivity of cracks

In our latitudes, heavy soil are severly dried in the summer half-year (April - September).
As a result, cracks are formed and soil has a two-domain structure - domain of micropores
and domain of macropores fig. 3. The first domain is formed by micropores in soil matrix.
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Water movement here can be described by Richards™ equation. Rate of water movement in
this domain is relatively low. In case of macropores (cracks), Richards" equation cannot be
used. Provided that large amount of water gets into cracks in a short time and the cracks
are not properly closed, rainwater movement in cracks is analogous to the water
movement in an open ditch. Rate of water movement is higher by orders in comparison
with the water movement through micropores. Crack networkwork is a system of
preferred water flow paths both in horizontal (horizontal crack conductivity) and vertical
(vertical crack conductivity) direction. Cracks geometry changes in time and therefore
hydraulic parameters of the preferred paths change too. In cracks, open water level can
occur only if the cracks are open. The presence of water in cracks rapidly increases soil
moisture and thus boosts the crack closure. Consequently, water movement in cracks is
restricted by soil response time to moisture changes. Water shall move within cracks only
if the cracks are filled with large amount of water in a very short time (e.g. torrential
rains). Under normal conditions, cracks usually close before open water level could be
formed.

IA! ':-EE'

K]

Table 1. Clay and silt characteristics on Svatus locality. Mineralogical phase analysis of soils is difficult.
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Figure 3. Double-domain soil structure and detail of a crack, photo Gombos, locality Milhostov

With regard to the intensity of rainfall and rate of water interception, the following
situations can occur fig.4. The symbols have the following meanings: I — intensity of crack
infiltration [m.s?], la -infiltration ratio from rainfall exceeding maximum infiltration
intensity of soil matrix surface [m.s], Io — crack infiltration of rainwater fallen directly to
cracks [m.s], Iin — interception intensity [m.s], Im — soil matrix infiltration intensity of [m.s-
1], Ipo — surface runoff intensity [m.s?], Pin — rainfall intensity [m.s"], Sc — inner crack surface
on a unit of soil surface area [m2.m?], Sm —soil matrix surface on a unit of area [m2.m2], Spr —
cracks sectional area on a unit of soil surface area [m2.m?2].

1.

Pin—Iin < Im,max, la= 0, lo= Spr . Pin, Ic= ICZ, Im—Sm. (Pin - Iin)

In the first and simplest case the intensity of rainfall is lower than or equal to the rate of
water infiltration to soil matrix (Immax). The ratio of rainwater absorption by soil matrix
surface and the area of crack sectional surface is the same as the ratio of their surfaces
(fig.4a).

Pin - [in > Im,max A Ipo = O, la= Sm . (Pm —Iin Im,max), Ie= SPr . Pin, Ie=Ia+ Ic2, Im= Sm . Im, max

In the second case the intensity of rainfall is higher than water infiltration in soil matrix.
Rainwater that is not absorbed by the surface of soil matrix (L) drains to the nearest
crack and thus increases water content absorbed by cracks (fig.4b).

Pin - Iin > Im,max AIpo > 0, Ic = Sc . Im,max, Im = Sm . Im, max, Iho = (Pin - Iin) . (Spr + Sm) -Ic - Im

In the third case the intensity of rainfall exceeds the maximum rate of water infiltration
in soil matrix while crack capacity to absorb another water flow has been exhausted and
cracks are now wholly filled with water (fig.4c). There is surface run-off.
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a b. &

Figure 4. Different ways of water penetration through cracks and soil matrix surface depending on the
rainfall intensity.

During water transfer from the surface to lower soil horizons or ground water level (GWL,
rainwater can permeate directly under the root zone. As a result no efficient water contact
with root zone occurs. This effect reduces the efficiency of irrigation and fertilizing. At the
same time, cracks can accelerate soil water evaporation to atmosphere and crack
networkwork anticipates the permeation of pollutants through soil to GWL.

2.4.2. Water balance in two-domain soil structure

The basic equation for determining the water balance in aeration zone is [7]:

Wi=Wo+Ik+Li+Qnhp-E-T-Qno-1In (1)

Wo - initial overall soil content in aeration zone [m], Wt - overall soil water content in
aeration zone at time ¢ [m], Ik - capillary water inflow [m], i - water inflow by infiltration
from rainfall [m], Qnp — subsurface lateral water inflow [m], E - water losses by evaporation
[m], T - water losses by transpiration [m], Qno — subsurface lateral water drainage [m], In
infiltration into GWL or lower horizons [m].

For the purposes of cracking soils, it is necessary to adapt some members of the balance
equation, mainly I, representing water inflow by infiltration from precipitations. This shall
be split to Ic — water inflow by infiltration through cracks, and In — water inflow by
infiltration through soil matrix surface (I = Ic + Im).

Similarly, water losses by evaporation E shall be split to the evaporation from soil matrix
surface Em and evaporation from sectional area of cracks Ec (E = Em + Ec). However, the
evaporation from the sectional area of cracks is disputable. On one hand, it could be objected
that water does not evaporates merely from the narrow area of cracks sectional surface but
from the whole surface of crack walls, which is larger. On the other hand, evaporation from
the surface of crack walls is very limited due to high moisture levels and little air circulation
inside a crack. Air inside the cracks that reach the depth of groundwater table is supposed to
be saturated with water vapours. Evaporation from plant cover (transpiration) T occurs only
on the area of soil matrix surface Tm =T . Sm. Modified balance equation shall be:

Wt:WO+Ik+Ic+Im+th-Em-Ec-Tm-Qho-Ih (2)

In lowland areas, subsurface inflow and drainage (Qnp, Qo) can be disregarded.
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3. Methods and material

3.1. Texture of the analysed soil profiles

The research in heavy soils water regime on ESL was performed on 11 soil profiles. In this
paragraph, results from three typical areas on ESL are presented: Senné (48°39'48,19";
22°02'53,90"; 97 m), Milhostov (48°40'11,08"; 21°44'18,02"; 100 m) and Sirnik (48°3033,01";
21°48'51,18"; 98 m). Grain-size analysis to various depths was performed on each of these three
soil profiles- in Senné to 0.8m, in Milhostov to 2.0m and in Sirnik to 1.2m, in the layers 0.10m
thick. The results were processed into USDA soil textural triangles [8], which are shown at fig.5.

It is obvious that the heaviest soil is in Senné, where clay is the predominant soil constituent.
Soil profile is homogeneous and the fraction of sand is significantly lower compared to the
other two areas. In Milhostov, where in addition to clay, silt can be found as the second
most dominant soil type, ranging from clay silt to silty loam. Upper horizons of soil profile
to 0.60m are heavier (36% of clay) than the lower horizons. Sirnik soil profile shows two
markedly different layers along the vertical line. In the depth of 0.40m and downwards to
1.20 m clay fraction doubles from 25% to 50%. Apart from clay, the second more dominant
constituent is silt.

Senné Iilhostow . UEOA: Sirnilk 100 , 0
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s 50 " &0 19323 @ 3 i
R 3 d - 11:loamy sand a0 5 3 0
30 £ - = L] 1] z 5 - 70 1Z:zanayomm g 7
E 5 0 20 5 20 0 5 A =0
10 £y 12 - —h, 30 10 - 12 = —, 30 AT ) e
e A g £8 100
° 10 @ oo 100 90 %0 70 S0 50 40 30 W 10 O

100 S0 50 70 &0 50 40 30 W 0 0 100 30 E0 7O 60 50 40 30 20 10 0
=g a0

=g

Figure 5. Classification of selected soil profiles according to the triangular classification diagram USDA

3.2. Field measurements and experiments

Field measurements included continual monitoring of the observed areas once every week.
During the winter, field measurements were not performed because of possible imprecisions
due to snow cover and frozen upper layer of soil.

The following parameters were monitored fig.6.:

e GWL position,

e volumetric soil moisture along the vertical line to the depth of 0.8m in the layers 0.1m thick.

e vertical movement of soil surface — these measurements were performed by the method
of surface levelling in three points situated in the shape of equilateral triangle with 2m
sides. For the details of one such point see fig.6. Casing pipe is used as a fixed point. It
is supposed that due to deep embedding, the pipe is stable with regard to the vertical
movements of soil surface through the active layer of a soil profile.
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lump-sum takings of undisturbed soil samples by the method of dug probe fig.7, in
Kopecky cylinders, for the purpose of determining moisture retention curves, hydraulic
conductivity, COLE values (Coefficient of Linear Extensibility) and PLE values
(Potential Linear Extensibility). Undisturbed soil samples were taken as well to perform
grain-size analysis. Furthermore, in Milhostov area, geometric parameters of crack
networkwork such as length, width, specific length and soil matrix area were measured.

3.3. Laboratory measurements and experiments

Laboratory measurements were based on the evaluation of soil samples taken during the
regular monitoring and lump-sum takings. The following analyses were performed:

Grain-size analysis — on disturbed soil samples by hydrometer-method. On the ground
of this, soils were classified according to USDA texture diagram.

Analysis of soil shrinking properties — on undisturbed soil samples. Firstly, the samples
were fully saturated with water and on the basis of geometric parameters measurements
their original volume and measured weight were calculated. The samples were then dried
at laboratory temperature and their volume and weight were regularly measured. When
the weight loss had almost reached measurement error, samples were dried up in a
laboratory dryer at 105°C and then measured again for their final volume and weight.
Measured parameters were evaluated from the point of view of dependencies between
soil volume, grain soil structure and volumetric moisture, shrinking properties in the form
of shrinkage curve and COLE and PLE values and geometric factor rs.

Figure 6. Sampling area (Senné area) and a detail of a point where vertical water movements are
measured
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Figure 7. Collection of untouched soil samples

e  Analysis of volumetric soil moisture — gravimetric method was used.

e In the IH SAS laboratory in Bratislava, overpressure method was used for measuring
moisture retention curves and courses of hydraulic conductivities on the solid soil
samples.

3.4. Determination of the selected heavy soils characteristics

3.4.1. Determination of the soil shrinkage basic characteristics

Heavy soils shrinkage is often described with regard to the relationship between the volume
of the soil and its moisture. This relation has been subject to numerous studies worldwide.
The shrinkage characteristic used most is based on the relation between a soil water ratio - v
and a void ratio — e, where v = soil water content / volume of soil solid phase [-] e = volume
of pores/volume of soil solid phase [-]. Soil water ratio and void ratio are determined on the
basis of volumetric soil moisture - 6 and porosity — P. The following equations are used:

e 4

P=—-y’ 0=—[- 3

1+e 1+e -] ©)

General relationship between soil water ratio and void ratio is figured in the graph in fig.8.
Auxiliary diagonal line in the fig.8 represents the state of saturation when soil water ratio
equals void ratio and the total volume of pores is filled with water. Curve divides shrinkage

process to four domains.
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e Strucural domain - occurs in saturated soils. Water is drained from macropores. Soil
volume remains unchanged or changes very slightly;

¢ Normal domain - changes in soil volume are equal to the changes in water content
and micropores remain saturated with water (part of the curve paralel to the diagonal
line);

¢ Residual domain — changes in soil volume are lower than changes in water content , air
starts to enter the micropores (curved part of the curve);

e  Zero domain — there are no changes in volume (horizontal part of the curve).

A B C D

- Phases of
shrinkage:
A pull

B - residual
C - normal

D - structural
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void ratio
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s clay particle % water !} air

0 moisture ratio 2

Figure 8. General form of expression of shrinkage characteristics of heavy soils and position of clayey
particles during drying [9].

3.4.2. Shrinkage potential of heavy soils

When studying shrinkage characteristics of heavy soils, it is practical to quantify the
potential of this phenomena. For this purpose two parameters were introduced in soil
science: COLE (Coefficient of Linear Extensibility) and PLE (Potential Linear Extensibility).
COLE was introduced by Grossman [10] and it is used for quantifying shrink-swell potential
of soil:

COLE = [MT -1[-] 4)
%

dry
where Vwetis the volume of wet soil and Varyis the volume of dry soil.

The second parameter expressing shink-swell soil potential is PLE, which is the potential for
soil swelling and shrinking in field conditions. It considers swelling and shrinking
properties of the individual soil horizons in the studied soil profile.

PLE = COLEq). Zny) + COLEp) . Zhe) + ... + COLEw) . Znm (5)

where COLEw) is a COLE value for n- horizon, znw) is the width of n-horizon [cm], and zna) +
Zh@) + ... + Zhm) = 100.
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PLE is the value of maximum (potential) change in length of a 100cm thick soil profile due
to swelling and shrinkage process. After COLE and PLE has been set, a soil can be classified
according to COLE value [11], tab.2 or PLE values [12], tab.2.

iﬂﬁ swelling COLE m;‘:ﬁrﬁ = PLE walue [cm]
low <003 high shrinkage > 14
medinm 003-006 |  medium shrinkase [ o-14 |
high 006-009 | low shrinkage <9
very high >000 | '

Table 2. Classification of shrink-swell potential by COLE and PLE values

3.4.3. Formulation of relationships between volumetric changes and vertical subsidence of soils

Soils volumetric change is a three-dimensional process. In nature, drying of soils is partly
reflected in cracks formation and partly in the soil surface subsidence. Therefore soil changes
are horizontal, caused by opening and closure of cracks, and vertical as soil surface movement.
In laboratory, soil volumetric changes are visible as changes in geometric dimensions of
an undisturbed specimen of soil. Calculations are based on the following equations fig.9.:

AV = AVv + AVh (6)
where
AVv =2z . Az [m?] (7)

Mathematical expression of the relationship between soil volumetric change and vertical
subsidence is as follows [13]:

1

Az=z - (%jrs zs,[m3] 8)
s
where
AV total volumetric change of a soil specimen [m?] ;
AVy vertical volumetric change of a soil specime [m?];
AVh horizontal volumetric change of a soil specimen [m®];
\Y% soil volume after shrinkage [m?];
Vs volume of a saturated soil specimen [m?];
Az change in height of a soil specimen [m];
Zs height of a saturated soil specimen [m];
z height of a soil specimen after shrinking [m];

Is geometric factor [-].
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Figure 9. Volume change of isotropic soil sample in shaper of cube during drying process, (dashed line
express the sample in saturated state (sample height Zs), continuos line express the sample after
shrinkage (sample height Z)

The equation above (8) is implemented in the mathematical simulation model FLOCR [14],
which is designed to calculate the thickness of each layer. Horizotal volumetric change can
be expressed by the following combination of equations (6,7,8):

1
AV, =V, (Vl]rs—l [m?] ©)

Experimental measurements of the dependency AV = {(6) in the vertical line of asoil profile
allow for the calculation of crack porosity volume and the overall subsidence or lift of soil
surface induced by moisture changes. With the knowledge of geometric characteristics of crack
networkwork, cross-sectional surface and avg thickness (rate of openness) of cracks can be
calculated.

3.4.4. Geometric factor of volumetric changes

Non-dimensional geometric factor rsis the ratio of participation in soil volumetric changes of
both crack formation and vertical movements. It can be influenced by external load and
possibly by terrain settling process, which occurs when the clay sheet particles are
orientated in one predominant direction. rscan reach the following values:

rs=1  no cracking process, all soil volumetric changes are vertical;

1 <1s < 3vertical movement predominates over crack formation

rs=3 isotropic shrinking;

rs >3 crack formation predominated over vertical movement;

rs —>oc  all soil volumetric changes are horizontal; i.e. only cracks are formed.

In nature, isotropic shrinking with rs=3 can occur in most soils. Provided that during drying
the vertical change in height of a soil specimen and the volume of water saturated soil are
measured, the equation (8) can be used to calculate the geometric factor rs. This factor can be
calculated from the equation mentioned previously in its analytical form:
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log(., )
=[] (10)

Z

3.4.5. Measurements of crack networkwork characteristics

Cracks represent horizontal volumetric changes of soil. On the soil surface they form a mosaic
that reminds a network. Stability of soil matrix walls is ensured by cohesive forces in soil. It is
enforced by humic and other organic substances. It is a well-known fact that cracks are
formed in places where mechanical strength is lower, usually in the same area not only during
one year but also in more consecutive seasons. It means that if a crack networkwork was
created in an area, cracks shall open repeatedly, unless significant changes occurred in
mechanical characteristics of the soil [15], [7]. Study of cracks geometry and determination of
their characteristic has been increasingly important with regard to physical structure of soil
which is characterised by physical soil properties. This relationship may be useful for
formulating predictions about cracks formation in a soil type. With a view to define geometric
properties of cracks the following characteristics can be used: Lc— length (total length of cracks
on ameasured surface) [m], dc — width (avg crack openness) [m], zc — depth [m], - specific
length (length of cracks on a measured surface) [m.m?], Rc— specific density (number of cracks
on a unit of length) [m?2.m?], Spr = Lc . d¢, Sc— internal surface of cracks (“wall surface” of cracks
on a unit of soil surface area) [m>m?], Sc=2 . Lc. z,, Pc— crack porosity (crack volume in a unit
of soil volume) [m3m=], Pac — crack porosity of aeration zone (crack volume on a unit of soil
surface to GWL depth) [m3.m3]. Geometric characteristics of crack networkwork were studied
in Milhostov area. From 3m above the ground photodocumentation was made, on the ground
of which geometric characteristics of crack networkwork were evaluated.

3.4.6. Numerical simulation of heavy soils water regime

Numerical simulation of water movement through the unsaturated soil is based on the
interrelation of this sub-system with other sub-systems of the system: atmosphere — plant
cover — unsaturated zone — groundwater. When coming in contact with water, impacted
unsaturated zone responds by water regime changes in time and space. With a view to
authentically simulate the results of such water movement, so that the model approaches
reality as much as possible, very precise input data are vital. The input data are of five types:
metheorological and climatic conditions, plant cover characteristics, hydrological
conditions, topographic data of the observed area and initial and boundary conditions. In
case of numerical simulation of water regime in heavy soils, shrinking and swelling
characteristics must be included as well. Outputs from the model provide information on
the development of soil water content in every horizon in unsaturated soil, on water flow
through upper and lower boundary of unsaturated zone during the whole modelled period.
The model can be verified by comparing the outputs from the model with the data
monitored on-site.
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In this particular case of heavy soils water regime, FLOCR model was used (FLOw in
CRacking soils) [14]. The model was developed in The Netherlands and it simulates one-
dimensional vertical water flow in aeration zone of a two-domain soil profile. It assumes
that water flow through soil matrix in unsaturated zone can be calculated by
Richards'equation and volumetric changes by the formula (6). A soil profile is divided in
layers, there can be max. 30 layers in a soil profile. For each layer, the model calculates water
inflow and drainage, volumetric changes, crack volumes, changes in layer width, moisture
potential as a pressure height and volumetric moisture. For a soil profile as a whole, the
model calculates total volume of cracks, vertical movements of soil surface, GWL, drainage,
actual evapotranspiration and surface runoff. The model can be used also for the soils with
more horizons of different hydrophysical properties. Max. Number of horizons is 5.

The input data entering the model are: hydrophysical properties of a soil profile (moisture
retention curve, saturated and wunsaturated hydraulic conductivity, shrinking
characteristics), upper and lower boundary condition, precipitations, potential
evapotranspiration, spacial determination of a soil profile, setting of a computational step.

4. Results
4.1. Quantification of volmetric changes in ESL soils

Altogether, 90 samples of different gran-size structure were analysed. Time-course of
volumetric changes of soils with varying clay particles ratio is pictured in fig. 10. The graph
shows considerable impact of clay particles ratio in soil on the rate of volumetric changes
with regard to the conditions of saturation. When the content of particles of the I. fraction (I.
fraction (Lfr.) is colloidal clay - particles < 0,001 mm, I. kat.- particles < 0,01 mm) exceeds
25%, this increase shoots up other volumetric changes (difference between upper and lower
line). Therefore water desorption from soil during drying requires different time interval for
every soil sample.
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Figure 10. Processing the courses of the volume changes of the soil with the different particle size
Distribution, Ifr. <0.001 mm.
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Fig. 11 shows the course of volumetric changes of soils of various grain-size structure with
regard to volumetric moisture. The differences in volumetric changes in each part of I
fraction are obvious. It can be seen that volumetric changes can reach 40 % of the saturated
soil volume. In fig.11 volumetric changes at different moisture levels for different soil
samples are considered. Thus the lines in the graph represent volumetric changes measured
simultaneously in various soil samples with different moisture values. Initially, all the lines
of the first fraction are in one bundle.
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Figure 11. The course of the volume changes of the soils with the different particle size distribution
during drying depending on the bulk water content. Differences at individual levels of 1. Fraction
content are obvious.

When the particle content in the I. fraction is less then 20 %, important volumetric changes
occured during the first 5.5h and in the following 25h there were just slight changes in soil
volume.

Fig. 12 shows the course of volume changes in soils of different textural composition, with
regard to soil volumetric moisture. The differences in volumetric changes in soils with various
ratio of fraction I. are evident. On the grounds of the stated results, it is obvious that physical
clay content and soil moisture have a decisive impact on soil volumetric changes.
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Figure 12. The soil volume changes at different water contents (bulk water content 0 is expressed by
the time of drying) with the different content of particle of 1. fraction
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Fig.13 shows a three-dimensional visualisation of the measured results. It is a three -
dimensional axionometric representation of 190 measurements of dependencies between
volumetric soil changes with regard to the content of physical clay and volumetric moisture.
Fig. 13 on the left is a graphical representation of the measured data. On the right there is a
graphical representation of the same values by means of 3rd order polynomials.

Volume changes [#]
Volume changes f96)

Figure 13. The three-domain representation of the measured volumetric changes of soil in dependence
on the humidity and the grain structure and polynomial representation of this dependency.

4.2. Shrinkage characteristics

In the soil profiles mentioned in paragraph 3.1, shrinkage properties were determined in
layers 0.1m thick by means of the method described in paragraph 3.4.1. Fig. 14 shows the
comparison between the soil profiles with different clay minerals content, which has
considerable impact on the course of shrinkage characteristics. Shrinkage process in clay
soils comprise three distinct shrinkage phases. In light soils (on the right) shrinkage is very
slight. Knowledge of shrinking characteristics is vital for precise numerical simulating of
heavy soils water regime.
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Figure 14. Comparison of shrinkage characteristics of heavy clay (Senné, clay 49%) and lighter loam
(Milhostov, clay 23%).
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4.3. Evaluation of shrink-swell potential of ESL soils

The quantification of volumetric change potential was performed in laboratory on the
examined profiles by means of COLE and PLE coefficients.

Value of PLE=15,30cm in Senné classifies the soil profile as “High shrinkage” in Reeve
classification. It means that soil profile can potentially change its thickness by 15,30cm into
the depth of 1Im. However, it is only theoretical assumption which is very unlikely to occur
in nature. The highest vertical movement measured in Senné locality during research works
was 5,51cm.

Dependency between COLE and clay minerals measured on ESL was compared to the
results gained in the Netherland and USA [9], [11], [16] fig. 15. Comparison indicates that
examined dependency measured on ESL has slightly steeper slope comparing to the data
from literature. It is probably related to spatial variability of mineral structure of clay
particles, mainly by presence of illite and montmorillonite group of clay minerals.

4.4. Field measurements of vertical soil surface movements

Vertical soil surface movement is one of the signs of volumetric changes. Fig. 16 shows the
results of vertical water movement in 2003. Results indicate that the largest soil surface
movements occured in Senné locality (5.51cm). It was 4.08cm in Sirnik area and 3.18cm in the
Milhostov area. Results comply with the analysis based on PLE and COLE values. It is possible
to calculate water storage in active layer of soil profile by vertical movements. Value of the
geometric factor — rs (that is dependent on the ratio of horizontal and vertical part of
shrinkage) was laboratory determined. In every analysed profile the value of rs was dentified
for 0.10 m thick layers. In the Senné avg value rs = 2.85 was measured. It means that the vertical
soil surface movement dominates over creation of soil cracks. In Milhostov the avg measured
value was 1s = 3.1 is. Horizontal changes slightly dominate over vertical changes with regard to
the total volumetric change. In Sirnik profile to 0.80m depth rs value was isotropical, rs=3.
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Figure 15. Comparison between cole dependency on clay particles content on ESL and dependencies
measured in heavy soils in Netherlands and USA.
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Figure 16. Results of vertical movements of soil surface measurements in 2003

4.5. Structure of crack network in the locality of Milhostov

In Fig.3 you can see the types of crack network structure identified in this work on the basis
of common particular features [7]. The most common structure is characteristic structure of
crack network, fig. 17a, which occurs in the soils cultivated by common agrotechnology.
Another structure is a sporadic crack structure of linear typ, fig. 17b. It is an accidental
structure occurring on seedbeds or on paths between them. It is a separate element on the
surface of agriculturally cultivated fields. The third type is a sporadic structure of cluster
type, fig. 17c. It is formed by small clusters of cracks on small areas which are caused by
enormous soil drying in these areas. Crack network structure of anthropogenic character, fig.
17d, is a network which is caused by sowing mechanisms blades. It has a regular square
structure. In comparison with preceding structure it is characterised by relatively smaller
values of specific length and crack density.
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Figure 17. Structure of heavy soil crack net (locality Milhostov)

The analysis of photographs from Milhostov area showed that total length of cracks in the
observed areas L. was 123m, specific length was Lmc = 5.65 m.m?, specific density was Rc =
3.1 cracks.m™!. Depth of the cracks was estimated on 1.20m based on a dug probe. Therefore
the average area of internal walls with neglected turtuzoity is 13.56 m2m™. At the
occurrence of sudden and extreme rainfall, the infiltration is realised not only by soil matrix
surface but also by water permeation through cracks as the cracks are filled with water. Fig.
18 shows the evaluation of 234 soil matrices. The distribution indicates that the most
occurring soil matrix area is within the interval 0.05-0.10 m2. The average area of the soil
matrix is 0.121m?.
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Figure 18. Distribution abundance of soil matrix area in the locality Milhostov



The Impact of Clay Minerals on Soil Hydrological Processes 139

4.6. Selected results of numerical simulation of soil water regime on ESL

In the figure below, the results of 2003 numerical simulation of water regime are described. This
year has been one of the driest years in Senné area in terms of soil water storage since 2007.
Therefore the impact of the clay minerals on hydrological processes in soil environment can be
proved. The schemes graphically represent the results of moisture volume measurements in the
examined profiles. The depth to which the soil profiles are dried can be seen.
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Figure 19. Monitored moisture regime of examined soil profiles in 2003 in Senné, Milhostov and Sirnik
locality.

After the verification of the numerical simulation results, the simulation of water regime
into the depth of 3.0 metres could be started. The targets of the verification were the
measurements of the soil moisture regime, GWL course and soil surface vertical movement.
The results of moisture regime numerical simulation of the observed profiles into the depth
of 3m during 2003 vegetation period are shown in Fig. 20.
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Figure 20. Numerical simulation of moisture regime of examined profiles
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In Milhostov and Sirnik the influence of material interface along the vertical line of soil
profiles is clearly manifested. In Milhostov the upper soil horizons are heavier with higher
content of clay compared to the lower horizons. In Sirnik the situation is just the other way
round and in Senné the soil profile is homogenous. Balance values illustrated in tab. 3
(based on fig. 21) confirm that the heavy soil profile in Senné can absorb rainwater through
the cracks better then the Milhostov profile. Surface runoff did not occur in 2003. Its
occurrence was observed only once, in Milhostov in 2001. It was induced by heavy rain in
July 2001 when the daily rainfall accrual was 82mm. This rain event provoked 17mm surface
runoff. The rest was absorbed by soil matrix and cracks.
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Figure 21. Balance scheme for simulated soil profile (explanations are listed in table 3).
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4.7. Simulation of extreme rainfall influence on the water regime in unsaturated
zone

The network of soil cracks represents a retention volume which is available for rainwater
retention in case of extreme rainfall incidents. This effect is manifested most under extreme
rainfall incidents. 2001 water regime of soil a profile (from February 14, 2001 to December
18, 2001) was simulated by numerical simulation using the mathematical model FLOCR
(FLOw in Cracking soils). The profile is a specimen of extremely heavy soil with a two-
domain structure. During the simulation the soil profile to a 3 m depth was defined. The
course of groundwater level, volumetric moisture of the observed soil profile and the values
of surface runoff were obtained by the simulation. Monitoring process, including the
measurements of groundwater level and takings of soil samples in order to define
volumetric moisture, took place in the observed locality. Measured data were used to verify
the results of the simulation.
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Profile water halance Senns Milhostov | Simil’
2003 2003 2003
precipitation (b+c (2) 300 315 205
raimfall zbsorbed brysoil matrix (b 187 ans 253
ranfall zbsorbed by cracks (c 13 10 2
artuzl ET ) 362 Z04 373
Surfare mmoff (e [] i 0
flow from GW (to the zone of zreation) (fy 177 56 155
flow to GW (from the zone of areation) (h-c) (g) 82 30 (]
flow to GW (from the zone of arestion+from the cracks) (k) 105 40 92
water content change i the zone of aeration  (b-d-g+i) (1) -50 -173 -115
water content changs m the zons of saturztion (h-f) W) -T2 -16 -63
water content change m the sod prodile () (k) -162 -18% -178

*values are listed for the Sirnik locality for period from 1.5. to 30.9.

Table 3. Balance table (values according to the model (mm) for vegetal period: 1.4 to 30.9.

The other step was to analyse a 30-year series of daily rainfall accrual, from which the
rainfall event with the periodicity of 0.01 was calculated, i.e. the probability of its
repetition is once in every 100 years. The value of extreme rainfall daily accrual was
76mm, fig. 22. This datum was incorporated to the inputs entering the model on the day
when the soil profile was the driest, which was calculated to September 5th, 2001. Then
he consequent output from the model, based on the added fictitious rainfall event, was
evaluated and its influence on the soil profile water regime was analysed. The model
showed a very sensitive response of the soil profile to the added fictitious rainfall. It
proves the differentiation of volumetric moisture states along the vertical line of the soil
profile and the course of groundwater level fig. 22, 23, 24. Surface runoff had a zero (0)
value when the simulation considered real rainfall (no extreme rainfall). The addition of
extreme rainfall resulted in surface runoff while the soil profile absorbed 56mm of water.
At the very limited infiltration ability of the soil matrix surface it means that the
significant part of this water content was absorbed immediately by soil cracks. Crack
network represents an important retention volume available in heavy soils mainly during
dry periods.

Maximum rainfall accrual that the soil profile would be able to absorb is app. 56 mm,
provided the periodicity of rainfall is 0.02, fig. 25. This value disregards surface runoff.
From the retention point of view, crack network of a two-domain soil structure has a
significant influence on the water regime in immediate high rainfall accruance. This fact is
of great importance for the future investigation of two-domain soil structures
influence on the water regime as the periodicity of heavy rainstorms occurence
continually rises at present.
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Figure 22. Meteorological inputs to the model with the added fictious extreme rainfall and observed
and calculated courses of groundwater level
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Figure 23. Redistribution of volume moisture in soil profile
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Figure 24. Redistribution of volume moisture in soil profile (model - original), (model — extreme).
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Figure 25. The reaction of model at the time of fictious rainfall event

4.8. Creation of soil cracks as a soil drought indicator

One of the evidence of an extreme hydrological processes is the creation of soil drought. In
general, soil drought is defined as a shortage of the soil water used by plant cover for its
growth. During water shortage plants get into the state of stress and all their physiological
processes are focused on plant survival. To assess soil water storage available for plant
cover, we conventionally use the following characteristics: moisture retention curve (soil-
water content); wilting point (WP) - represents the value of pF = 4.18; threshold point (TP) -
represents the value of pF = 3.3; field water capacity (FWC) - represents the value of pF =
2.0 to 2.7. Water drought starts when the water supplies in the root zone of a soil profile are
on the TP level. TP is a soil moisture state when the physiological processes in plant cover
are restricted by water shortage. WP is a soil moisture state when plant cover is in a constant
lack of water what finally leads to wilting [17], [18],

Heavy soils contain higher percentage of clay minerals. With the changes in soil moisture,
these minerals cause the changes in soil volume. During soil profile drying, volumetric
changes are manifested by cracks creation. Volume of cracks depends on soil moisture. Soil
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moisture is thus an indicator of a soil profile moisture conditions. The aim of the presented
part is to quantify one of the stress factors on the selected soil profile. [19], [20]. In other
words, we focus on quantifying water drought by monitoring volume of soil cracks [21],
[22], [23], [24].

The study of this problem is based on the analysis of soil moisture regime with regard to
cracks volume and the position of TP and WP on the retention curve. For thew purposes of
the analysis, Milhostov area soil profile was used. Numerical simulation was calculated with
a computational time of 1 day step in 38 year time series of the 1970-2007 vegetation periods.

Fig. 26 shows shrinkage characteristics. These are expressed in the form of a dependency
between a void ratio and a moisture ratio and between the overall soil volumetric changes
and moisture. Both expressions include TP and WP values. The development of the
dependency between a void ratio and a moisture ratio it is assumed that plants get into
stress when shrinkage characteristics shifts from normal domain to residual domain. During
the shrinkage process non-linearity is observed. Descrease in soil volume is lower than
water reduction. That means that the air penetrates into micropores. Moisture ratio has the
value of 0.56 for TP and 0.26 for WP. From the development of overall soil volumetric
change (shown in the second part at fig. 26) it is assumed that overall soil volumetric change
at TP is 6.7% and at WP 14% with regard to the saturated state. This shrinkage induces crack
formation in the upper layer of a Im- thick soil profile i.e. double domain soil structure is
formed. Volume of the created cracks at TP moisture is 43mm and at WP moisture 85mm.
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Figure 26. Basic shrinkage characteristics of heavy soil (Milhostov, Slovakia)

5. Conclusion

Sources of clay minerals impact on soil hydrological processes consist in their capacity to
bind water and subsequently change their volume. Changes in soil hydrological processes
result in the change in soil water regime.
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This phenomena was studied in the soils of the East Slovakian Lowland. Research of
mineralogical structure in ESL soils showed a predominant presence of illite and
montmorillonite type of clay minerals. Therefore it was possible to identify percentual
content of clay with percentual content of particles smaller than 0,002mm
(colloidal+physical clay) without aneed to distinguish between individual types of clay
minerals during determination of percentual content of clay in soil.

Significant dependency of volume changes on clay minerals was demonstrated. Maximum
volumetric changes reached up to 40% of saturated soil volume. Varying time intervals of
water desorption from the soil samples were identified depending on content of clay
particles. The intervals varied between 5 and 80 hours. In shrinkage characteristics of ESL
heavy soils all shrinkage phases are contained very distinctly. The soils in Senné area show
the highest shrink-swell potential on ESL. The potential compared to Reeve classification is
of a high value: PLE = 15.3cm. Maximum values of 5.5lcm were identified by field
measurements of vertical movements. Assessment of soil isotropy in relation to their
volumetric changes and based of the geometric factor rs showed that its values are about 3.0.
This value represents isotropy of volumetric changes. Research of geometric characteristics
identified 4 types of crack network. It shall be noted that specific length of cracks on a unit
of area was Lmc = 5.65 m.m? and avg soil matrix surface is 0.121 m2.

Selected components of soil water regime were monitored in the field. Numerical simulation
results were verified by comparison with the monitored results. This paper presents
assimilation measurements of heavy soils moisture regime in homogeneous profile and two
materially heterogenous profiles. Moisture distribution at the interface of material layers are
illustrated as well.

The impact of water retention in a two-domain soil structure on rainfall-runoff processes
during sudden and intensive rainfall in dry periods was quantified. There is a theory in
which cracks are used as an indicator of soil drought creation in the end.

Clay minerals presence in soils and consecutive review of their influence on hydrological
processes course in the soils is a very extensive issue. Due to limited extent of the present
paper only basic approaches to the quantification of clay minerals impact on hydrological
processes could be studied and illustrated in this chapter.

6. Further research

Clay minerals content in soil is stable. Their impact on hydrological processes is manifested
in changes in soil water storage. This is most significant during extreme hydrological
incindents such as soil drought or extreme rainfall.

In the last years, the increased occurence of crack network formation has been observed. It
can be probably accounted for the ongoing climatic changes whose primary manifestation
is in the change in rainfall distribution throughout the year- more frequent dry periods and
subsequent extreme rainfall. With regard to this, the study of clay minerals impact on the
dynamics of soil hydrological processes has an increasing importance.
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The future research should be focused on the prognostics of the occurence of a two-
domain soil structure in an area and on the study of its impact on soil water regime. The
prognostics should be based on the numerical simulation and the outputs of the
available climatic scenarios. It is advisale that the occurence of atwo-domain soil
structure be quantified. Mathematical models can be used to numerically simulate the
effects of cracks retention volume on water drainage from an area during extreme
rainfall incidents. In addition to this, further research into the knowledge of cracks
temporal and spacial characteristics, water flow within a crack, into a crack, and flow
between cracks and soil matrix should be developed. On the grounds of numerical
simulations and field observations, the quantification of crack network influence on the
transfer of water, other substances and solutions in soil should be performed. The results
of this can be used for proposing the measures for the mitigation of cracks negative
impacts and, on the contrary, for using their positive sides in water management in the
countryside.
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1. Introduction

In Brazil, Latosols are by far the main class of soils, mainly when one considers the soils
potentially used for agricultural purposes. They cover approximately 50% of the Cerrado
Biome, totaling about 200 million hectares, in [46, 52]. The clay mineralogy of these soils are
very simple, basically composed by 1:1 clay minerals, mainly kaolinite, and varying
proportions of iron- and aluminum-oxides (in this chapter this general term includes oxides,
hydroxides and oxi-hydroxides). As the oxides content increases, they tend to be associated
with the formation of granular structure, composed by very small and resistant micro-
aggregates, occurring in both superficial and sub-superficial soil horizons.

To explain the formation of micro-aggregates in these highly weathered Latosols, in [30, 31]
it is highlighted that iron- and mainly aluminum-oxides act as aggregating agents of mineral
particles by changing the arrangement of their components in relation to the plasma,
resulting in granular aggregates with a diameter < 300 pm, in an agglutinated pattern,
having a high pore volume, which is in turn organized into interconnected cavities, in [100].
Consequently, in these soils, the pore distribution by size is predominantly characterized by
two distinct classes of pores: the first one is related to very large or structural pores (among
micro-aggregates), which promote rapid internal drainage of the soil, however, they are
very susceptible to alteration; and the second one is related to very small pores or textural
pores (inside micro-aggregates), in which water is retained with very high energy, in [10, 21,
63]. This segregation of contrasting pores is typical of oxidic Latosols from this region, in
which the increase of clay content is associated with higher total porosity and lower bulk
density, in [31, 37, 46, 72, 88, 89].

I NT EC H © 2012 Carducci et al,, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



150 Clay Minerals in Nature — Their Characterization, Modification and Application

Thus, the content and nature of the clay fraction are very important in the hydro-physical
behavior of these highly weathered soils. Under natural conditions, these soils have a high
total pore volume, one part being composed by drainable pores (approximately 2/3 of the
total pore volume; those with diameters > 145 um), which are of fundamental importance
for the soil high permeability. However, these soils also have high volume of pores with
very small diameter (< 2.9 um; approximately 1/3 of the total pore volume). Therefore, in
order to remove the residual water content a considerable amount of energy is required, in
[63]. Small amounts of water have been observed to be adsorbed on the soil matrix under
300.000 kPa pressure, in [10].

In the current stage of evolution of the agricultural systems in Brazil, in which yield
increments are searched without increasing the productive area, it is necessary to
understand in details the hydro-physical behavior of these Latosols, taking into
consideration the environmental sustainability, in which underground water recharge is
fundamental for the maintenance of the most varied types of edaphical life. It should be
mentioned that irrigated agriculture in this region is undergoing accelerated growth and it
is not clear until now if the existing water resources are sufficient to support this expansion,
in [78]. These soils are usually very deep, providing large reservoirs of water for crops, since
there are no chemical constraints for the expansion of the crop root system. Even in the sub-
superficial soil horizons, the residual water plays an important role in the maintenance of
adequate thermal and physical conditions, which minimizes root death during the
pronounced dry season, which is typical of this region.

2. Cerrado biome, mineralogy and structure of Oxidic Latosols

The Brazilian Cerrado, which is the second largest biome in the country, is located in the
central part of the South America, including large portions between parallels 3 ° and 24 °
south and between parallels 41° and 63° west. In Brazil, the biome occupies approximately
23.92% of the territory, covering several states (Mato Grosso, Mato Grosso do Sul, Rondénia,
Tocantins, Minas Gerais, Bahia, Maranhao, Piaui, Sao Paulo, and particularly Goids and the
Federal District, where this vegetation covers the landscape on a relatively more continuous
way (Figure 1), but there is still remaining “islands” of this biome in Para, Roraima and
Amapa states, in [5]. The soils that support this biome are hydrologically important since the
major basins (Amazonica, Platina and Sanfranciscana) have many of their springs in this
region, in [29, 47].

The Cerrado can be defined as a formation composed of tropical vegetation, represented
mainly by grasses, with sparse trees and shrubs, in other words, including floristic and
physiognomic aspects of vegetation, constituting a unique biome, in [29], also called
neotropical savanna. The soils are represented by Latosols (Oxisols) (50%), Argisols
(Ultisols) (15%), Quartzarenic Neosols (Entisols) (15%), Cambisols (Inceptisols) (10%) and
Plinthosols (Oxisols having drainage restrictions) (6%) and other soils (4%), in [78]. The
Latosols and Quartzarenic Neosols are located in predominantly gentle relief associated
with a very sparse hydrography.
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Figure 1. Cerrado area in Brazil, highlighting Goids state and Federal District (darker area) (Source: [85])

The Latosols are considered the oldest soils on earth. They go from deep to very deep, non
hydromorphic, and show great textural variation with clay content ranging from 150 g kg!
to more than 800 g kg [88, 89]; exhibit low natural fertility due to the strong weathering-
leaching, which contrasts with their excellent physical conditions favored by the strong and
very small granular structure. Latosols also tend to present high acidity (pH 4.0 to 5.5), low
cation exchange capacity, high anion adsorption capacity (especially phosphate and heavy
metals) and low levels of available P (phosphorus) to plants [27, 46, 77].

The beginning of weathering of Latosols in this region dates from the Cretaceous and
Tertiary, in [54]. They were formed under conditions of significant weathering-leaching,
which contributed to their advanced degree of pedogenic development, resulting in a very
simple mineralogy, in [76]. Their clay mineralogy consists basically of 1:1 clay minerals,
mainly kaolinite (5i2A120s (OH)4), iron oxides (hematite (Fe2Os) and goethite (FeOOH)) and
aluminum oxides (gibbsite (AI(OH)3)) in different proportions, as well as quartz and other
resistant minerals, in [16, 38, 39, 44, 46, 54, 65, 73, 74, 75, 76, 77, 83]. There are also registers
in the clay fraction of some Latosols formed from rocks richer in iron, of maghemite (Fe20s)
as well as magnetite (FesOs) and ilmenite (FeTiOs) in the coarse fraction [93, 97]. The
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identification of hydroxi-interlayered vermiculite in the clay fraction of A and B horizons of
some Latosols has been also registered, in [71].

Knowledge of Latosol genesis facilitates the identification of their corresponding classes
in international soil classification systems: the Oxisols in Soil Taxonomy, in [92] and the
Ferralsols in World Reference Base [43]. As peculiar characteristics of Latosols can be
cited: the presence of latossolic B horizon (Bw = intense weathering), minimal
differentiation between A and B horizons, color varying from reddish to yellowish,
depending on the parent material and the factors and processes of soil formation, in [15,
54]. They exhibit weak macrostructure and strong microstructure [28, 30, 31], resulting in
50-300 um size micro-aggregates, in [100]. These soils constitute the largest class in terms
of territorial expression having high potential for agriculture, forestry and livestock
purposes, in [46].

The pelitic rocks of the Bambui Group which occur in Minas Gerais, Bahia and Distrito
Federal states are important parent materials of many Latosols of the Cerrado Biome. These
rocks are fine grained, resulting in clayey or very clayey soils. In these soils, the kaolinite is
the mineral with higher expression in the clay fraction, in [66] and its presence in
combination with low levels of iron and aluminum oxides favors the hard consistency when
the soil dries, and higher bulk density, which is related to the blocky macrostructure,
function of the face-to-face arrangement of the kaolinite plates in [30, 31].

Ferreira et al., in [30] relating the mineralogy and structure of Latosols in southeastern
Brazil, stratified them into kaolinitic or gibbsitic soils: in kaolinitic Latosols the
micromorphological evaluation showed that the distribution of quartz grains in relation to
the plasma, is porphyric. In other words, the grains are enveloped in a dense and
continuous plasma, with little tendency to develop the microstructure. This phenomenon is
associated with the blocky structure, so that the soils are more compact, less permeable,
with lower aggregate stability in water and have a greater susceptibility to sheet erosion. On
the other hand, the gibbsitic Latosols show a more uniform distribution of the minerals in
relation to the plasma, resulting in smaller granular and resistant aggregates (< 300 um
diameter), in an agglutinated pattern, influencing higher void ratio, which are in turn
arranged into interconnected cavities, in [100], showing a greater susceptibility to gully
erosion.

Consequently, in these soils the pore distribution by size is characterized by presenting
predominantly two distinct classes of pores: the first one is related to very large or structural
pores (among micro-aggregates), which promote rapid internal drainage of the soil being,
however, very susceptible to alteration; and the second one is related to the very small pores
formed among the mineral particles (inside micro-aggregates), in which water is retained
with very high energy, characterizing it as hygroscopic water, in [19, 21, 63]. This
segregation of contrasting pores is typical of the oxidic Latosols from this region, in [73].
Usually, increasing the clay content of these oxidic Latosols results in increased total
porosity and lower bulk density, in [30, 31, 89].
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Based on this knowledge it can be understood that in very weathered tropical soils the
micro-aggregates are very resistant and play a prominent role in the formulation of the soil
aggregation hierarchy hypothesis. An indication of this resistance is the difficulty of
evaluating the clay content in the field, requiring more time for reliable estimates, in [13].
This micro-aggregates resistance also manifests itself in the laboratory analysis of particle
size distribution, mainly during the chemical and mechanical soil dispersion, in [38, 39, 63,
99].

3. Bimodal pore distribution and water retention of oxidic Latosols

The development of a specific type of soil structure is usually a consequence of the parent
material and soil formation processes and factors, and these will condition many of the
physical properties of soil. Marshall, in [55] stated the soil structure is defined as the
arrangement of soil particles and the associated voids, including shape, size and
arrangement of the aggregates formed by the primary particles (sand, silt and clay) which
are grouped into units defined by limits. Marcos, in [53] cited that the morphological
evaluation of the soil structure is qualitative, while the physical evaluation is functional.

It is known that soil macrostructure is strongly affected by climatic changes, biological
activity, as well as the land use and soil tillage, being vulnerable to mechanical and physical-
chemical forces, by according to Hillel, in [41]. In another words, composite structural units
or aggregates are formed by aggregation of primary mineral particles in association with
organic particles, especially the humidified ones, in [91], originating the soil structure, which
influences the porosity. Thus, the aggregates have their own genesis reflected in their size,
shape, composition and stability, in [9, 98].

According to with this soil structure model, there is a strong influence of the mineralogical
components of the clay fraction upon formation of a particular structure type. It is reported,
for instance, that oxides (mainly gibbsite, followed by iron oxides-goethite and hematite)
jointly with organic matter, in this order of importance, tend to disorganize the particles at
microscopic scale, in [30, 77].

Therefore, the higher content of these components has a greater degree of disorganization
and, consequently, the structure tends to become of the granular type. So, gibbsite, iron
oxides and organic matter are precursors and maintainers of the granular structure, which is
typical of oxidic Latosols in the Cerrado Biome, and it results in high permeability values, in
[30, 31].

In Latosols, the granular structure type is responsible for a lower bulk density and a higher
porosity values compared to the blocky structure (kaolinitic Latosols), in [10, 22]. The
developments of structural- or among micro-pores (> 50 pm diameter) are more expressive
in oxidic Latosols, followed by textural- or inside -micro-pores (< 50 um diameter), in [14,
50, 63]. In oxidic Latosols, the structural pores exhibit a relationship with clay content
reflecting on their hydro-physical attributes such as water retention. This feature can be
considered a special characteristic of oxidic Latosols, in [31, 86-89].
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Therefore, the presence of this type of structure formed by stable micro-aggregates,
especially in the Bw horizons of oxidic Latosols, consequently determines the dominance of
structural porosity over textural porosity, giving to these soils excellent permeability and
moderate to low water retention, in [14].

The voids of the soil are formed by various processes that result in different pore shapes and
sizes that affect the soil functions. For instance, the water and gases transportation occurs
through the interconnected pores. The soil structure is considered to have various
hierarchical levels, namely: a) groups of primary particles which comprise micro-aggregates;
b) groups of micro-aggregates comprising aggregates; and c) groups of aggregates
comprising much larger aggregates or soil clumps, in [19].

The pore distribution by size affects the soil hydro-physical dynamics. In the literature there
are several classification schemes for pore diameter, highlighting the most simplified ones
that separate two classes of pores: macro-pores, when the pores have a diameter > 50 pum,
and micro-pores, when the pores have a diameter < 50 um, as proposed by Kiehl, in [49] and
Richards, in [79]. Pores of intermediate size, meso-pores, have lower expression in the
Latosols from the Cerrado Biome, in [10].

There are equations that aim to quantify the pore size. Bouma, in [6] proposed the following
equation: D =40 cos 0/Wm, being: D = pore diameter (mm), o = water surface tension (73.43 kPa
at 20 °C); O = contact angle between the meniscus and the wall of the capillary tube (assumed
to be 0) e Wm = matric potential (kPa). However, there are simple and straightforward methods
to determine the pore size distribution, for example, using mathematical models to describe
the water retention curve, because it is known that the shape and slope of the curve
correspond to the homogeneity of the distribution of pore diameter, in [2, 19, 36].

Thus, the bimodal pore distribution of oxidic Latosols can be represented from the water
retention curve, in [10]. When using the shape of the curve, the first inflection point occurs
at low matric potentials (between 1 and 3 kPa, in absolute value) identifying structural
pores, while the textural pores are represented by the second inflection point that occurs at
extremely high matric potentials (between 10.000 and 20.000 kPa). Between these maximum
points it can be observed that the asymptotes, related to the presence of intermediate pores,
have low expression in oxidic Latosols in [10, 21, 22, 75]. In soils of temperate regions, the
bimodality has been observed within the range of the standard curve of water retention, in
the range from 1 to 1.500 kPa in [21, 22] due to the more uniform pore distribution,
compared to soils of tropical regions.

It is noteworthy to remember that the soil water retention depends on pore distribution, and
this is influenced by various factors such as structure, particle size distribution, organic
matter, clay mineralogy, as well as biological activity. There are two possible reasons for the
influence of mineralogy on the soil water retention: a) specific surface area; and b) presence
of electrical charge of clay minerals. The larger the specific surface area and the higher the
electrical charge is, the more water can be bound to the clay minerals, in [62, 34].
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Thus, there is a substantial process of water being adsorbed on the surface of clay minerals
by electrostatic forces and, hence, the water retention. Gaiser et al. [35] observed significant
differences in soil water retention with different mineralogy, noting that soils with low
activity clays (1:1 clay minerals and iron- and aluminum-oxides) retain less water when
compared to soils that have high activity clays (2:1 clay minerals), using pedotransfer
functions. Several studies have indicated a strong influence of clay fraction on water
retention in Latosols, in [1, 4, 10, 11, 70, 73, 89]. A few authors claim that clayey Latosols
having oxidic mineralogy favor higher water content and more gradual decrease of soil
water content with increasing matric potential (in absolute value). The study of water
retention developed by van den Berg et al., in [96] in Latosols from different regions showed
that the increased release of water occurs at low potentials (between 5 and 10 kPa) similar to
what happens with very sandy soils. The spatial variability of water retention in clayey
Latosols was studied by Cichota & van Lier, in [12]. These authors observed that the water
retained at matric potentials ranging from 1 to 100 kPa is not strictly related to the content of
clay, which confirms the theory of Raws et al., in [70] that at low matric potentials the
retention curve is directly influenced by structure stability and consequently by the
formation of pores in addition to the indirect effects of organic matter.

Many advances have been made in order to better characterize soil water retention. More
sophisticated devices as the WP4-T, in [18] should be highlighted, which allows the
quantification of the residual water retained at high matric potentials. The residual water
retained in the textural pores of oxidic Latosols, although considered unavailable to crops,
in [50, 80], may reflect significant water content (up to 0.25 g g") in more clayey soils, in [10].
So, it becomes of great interest in studies involving regulation of microbial and biochemical
processes in the soil, in [60], re-induction of desiccation tolerance of germinating seeds and
seedlings when subjected to high matric potentials (Wm> 1.500 kPa), in [81] and it can act as
a lubricant between aggregates, when the soil undergoes external pressure during
mechanized operations in [23].

4. Modeling the water retention curve of oxidic Latosols

Water retention curve has been used to describe the dynamics of the soil water, in [20, 36].
This curve graphically represents the relationship between the energy of water retention
(matric potential, in logarithmic scale) and water content, which is dependent on the
intrinsic characteristics of each soil, the result of joint action of soil attributes such as texture,
structure, mineralogy and organic carbon, in [4, 19, 37, 40].

Several types of adjustments to the water retention curve have been used, in [25, 36] for
describing the soil hydro-physical performance. However, in order to identify the bimodal
distribution of pores in oxidic Latosols the double van Genuchten model was recently
proposed by Carducci et al., in [10]. Based upon the shape of the curve, the first inflection
point usually occurs at low matric potentials, representing the structural pores, while the
textural pores are represented by the second inflection point that occurs at higher matric
potentials. For soils from temperate regions, the bimodality of pore distribution has been

155



156 Clay Minerals in Nature — Their Characterization, Modification and Application

observed within the range of the standard curve of soil water retention, in other words, in
the range from 1 to 1.500 kPa (in absolute value), in [22] because there is a more uniform
distribution of pores, when compared to soils from tropical regions. This mathematical
model allows to identify, with high predictive power, the bimodal density function for the
pore size distribution of tropical soils in a more superior range than to the one of the
standard curve: 1 < Wm <300.000 kPa).

One purpose of science is to find, describe and predict the possible relationships between
events occurring in the environment. A common practice is to develop models that relate
these events. For this purpose, statistical modeling is widely used, mainly by the use of
linear and nonlinear regression models, in [56]. The two classes of regression models differ
mainly in aspects related to their application and the characteristics linked to the
mathematical form. The choice of which model to consider in fitting a certain set of data can
be made intuitively, or through a graphical which expresses the function of the variables or
prior knowledge of the phenomenon in question.

The linear models are widely used for presenting analytical solution for estimating
parameters and statistical properties. The interpretation of these parameters is purely
mathematical, based on rate of variation of the dependent variable in relation to the
independent variables, in [94]. Furthermore, the use of a linear model for predicting
values outside the range of observed values of independent variables is not advisable.
Although the linear model is very flexible, since many models can be formulated by the
combination of independent variables, in [26], there are several types of models which are
based on theoretical considerations inherent to the phenomenon which one has interest in
knowing, i.e., the called mechanistic models, in [56, 84]. Generally in these models the
parameters have practical interpretation and the prediction of values is allowed, since
when considering the mechanistic model the restrictions which ensure the model utility
are imposed, in [3].

A model is considered nonlinear when the mathematical expectation of a dependent
variable "Y" cannot be written as a linear function of parameters in a regression model.
Historically, nonlinear regression models date from early 1920’s, in [33]. However, the
application and a detailed investigation of these models had to wait for the advancements
allowed by computational calculations after 1970, in [24].

The rise up of nonlinear models often accompanies the forecasts involving physical and/or
biological dynamics about the phenomenon under study in [102]. Such expectations are
based upon models in which the parameters have practical significance in describing the
phenomenon that is observed.

The function of statistics in this scenario is to evaluate, select, and provide models and tools
for better understanding of these phenomena. An overview of a nonlinear model considers a
set of p columns of a matrix X and a vector of parameters 0 = (03,...,0¢)" such that the average
related to a response Y is given by:
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E(YIX =x) = f(x,6) (1)

Where f is the function average or expectation of Y. Unlike linear models, the numbers of
columns of the matrix X does not necessarily need to be equal to the number of parameters
in the vector 6. Many of the functions impose restrictions on parameters (eg: 6i > 0,i=1,....k)
due to both practical interpretations of the compatibility of mathematical relationships. The
variance of Y in turn is given by:

Var (Y|X = x;) = o? )

The above equations, including the presupposition of independence between observations,
define the classic nonlinear model. The only difference between the classes of models is the
form of the expectation function. The function is nonlinear regarding the parameters, and
therefore, many parallels can be drawn regarding the procedures for estimation of
parameters and statistical inference. The fitting of nonlinear models can be obtained by
minimizing the residual sum of squares, RS5(6), where:

RSS(0)= X (v, (x.0)) ®

i=1
By inspection of all values from the parameter space of © € 6.

For linear models there is an analytical solution for the estimating 8 that minimizes RSS(6).
For nonlinear models the search for the minimum point of equation (3) is usually a problem
with the numerical solution. Such problem uses a linear approximation of nonlinear
function that converges to the minimum point at each iteration, in [48]. This procedure, as
expected, also provides rough estimates for standard errors and hypothesis tests, and such
approach is a function of how strong the nonlinearity of the model.

The Taylor series approximation of the function of expectation around a value ©6*
considering expanding to the second term, can be written as:

f(0) = f(67) +F(67)(6 —6") +%(9 SR ICRICEID] (4)

Where F (0%) and H (0*) are the score matrix and hessian arrangement, respectively. The j-th
column vector of the score matrix is given by 9 f (x, ) = 96; and the jl-th column vector of
the hessian matrix is given by 0’f(x, 0) = 00,00, both evaluated at 0 = 0*.

Omitting the second term of the expansion (4), we can rewrite (3) as:

RSS(6) = Z(yi — f(xi,87) — F(87)(6 — 67))°

=

= é*—F(e )(0)— (")) ®)

i=

&* is the current residuum that depends on the current value of 6% in the iterative process. In
the re-writing of the matrix form, the minimization process can be written as:
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0—6* =[F(0)T F(6)] 1F(6")Té*

0 =0+ [F(O)F(O)] 1F(6*)é* (6)
The equations (6), below, are applied in two forms: first to support the algorithm for the
estimation of O and the second as the basis for statistical inference on the parameter
estimates, in [48]. The majority of statistical packages use the Gauss-Newton algorithm to
find the parameter estimates in nonlinear models. Other packages also present derivative
forms or algorithms based on other optimization processes. Practically algorithms differ
at execution time. However, the efficiency of any one of them is very dependent on the
value 0 and @ given at the beginning of iterative process. Depending on the numerical
distance between 6 and the algorithm can converge to a local minimum, or even not
converge, therefore, suitable choices for 0 in this sense are more important than the
iterative method.

At each iteration the algorithms gets closer to the 0 value which minimizes the sum of
squared residuals, and hence é* increasingly approaches the final residue. In this process
one can think that § is equal to the parametric value plus a linear combination of random

variables (), so by the limit central theorem and satisfying certain regularity conditions, 6
will present approximately normal distribution, in [84]:

0~N (6,2 [F(O)TF(6)]7) @)

An estimate of the variance is obtained by replacing in 6 by 8 in equation (7),

o ~ -1

Var(9) = 6*[F () F(0)] ®)
In which the second estimate o is:

g2 = 220) o)

Where k is the number of estimated parameters of the expectation function and n is the

sample size.

These results are generalizations of those obtained in linear models, and hence, the
inferential methods such as F test for comparison of corresponding models, ¢ for testing
hypotheses about the parameters, can be applied to nonlinear models. These tests are simple
extensions of the applied ones to linear models that are submitted to an appropriate linear
approximation. Due to this, in contrast to the linear case where the same hypothesis is
inspected similarly by different procedures with the same descriptive level, in nonlinear
models equivalent tests may lead to differing conclusions. For instance, the Wald test for Ho:
A0 = d may not produce the same result by the F test of model reduction, in [26]. The
properties of these tests depend both on the sample size and the intensity of nonlinearity of
the model.
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Once obtained the estimate of the parameters it is possible to establish the asymptotic
standard error for expectation E(Y) at a given point xi:

ase (f(xi, 9)) = /62 Fi(ﬁTﬁ)_lﬁiT (10)

Where is F; is an abbreviated representation of F (xi; 8).

An confidence interval of (1 - @) to covering E (Y) in a given association xi can be obtained by:

f(xl-, @) t ty/2n-rase (f(xi, 9)) (11)

As discussed above, one can see that all inference procedures for nonlinear models admit
supposition of adequate linear approximation and make use of asymptotic arguments.

With the method of generalized nonlinear least squares it is possible to model the
heterogeneity of variance in a specification similar to that used to model the response
variable average. Davidian & Giltinan, in [17] presented the following expressions for the
general definition of the variance function:

Var(y;) = 0?g*(ui, x1,6), 1 = f(x;,6) 12)

The variance of the response in equation (12) is a function g(-), which in turn may be a function
of the response average (L) of the fixed effect of independent variables (x) and of the parameter
vector (&) associated with the variance function g(-). Not necessarily g(-) must be specified as a
function of all arguments. The variance function can be represented by any continuous positive
function, being the most common are the exponential function and power function:

g, x;,6) = exp(Su;)

9, x;,6) = |pl® (13)

The process of estimating the variance function is based on generalized least squares.
Following the estimative parameter § and choice of initial values for 0, an iterative process
to generates definitive values for the parameters by minimization of the pseudo-
verisimilitude function with respect to 6:

02g2(f(x,0©),x,8)

pv(g(o)’ o, 5) =yr, (M + log (O.Zgz (f (xi é(O)),xi, 6))) (14)

Technically, the above minimization means the verisimilitude maximization in relation to 0.
For minimization of the above expression, by iteration, it is necessary the knowledge of 0.
Regardless of the variance and g(-) function, minimization of the equation implicates on
minimization of the sum of squares errors ({yi-f (x;; 6)}2). However, the most suitable the
estimated variance values and of the g() function, smaller the sum squared errors.
Computationally, the algorithm employed provides the joint estimation of the 6, 0 and §
parameters.
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The heterogeneity of variance is corrected by specifying the variance function and estimates
the associated parameters. Therefore, those observations that have larger deviation have
their influence on the estimation of parameters ponderated by its variance. The standard
errors of the parameter estimatives at the end of the estimation procedure are considering
only the variance due to residual error, free of the difference in dispersion observed for the
response variable.

Based on concepts of nonlinear models mentioned above, there are applications of these in
various areas of Soil Science. As plausible examples it can be mentioned nonlinear
regression models to predict soil nitrogen mineralization, in [67, 68] models of potassium
release from various sources of organic residue in Latosol, in [101] extraction of zinc from
sewage sludge, in [95] as well as the nonlinear model of Genuchten, in [36] which is the
most used worldwide to describe the soil water retention.

The soil water retention curve is a nonlinear theoretical model which relates to water
content with the matric potential. This feature is specific for each soil, in [4] being that the
water content held in a given Wm depends on the structure, the pore distribution and bulk
density in which capillary phenomena are of greater importance. However, when the
adsorption phenomenon governs, it is dependent on the texture and specific surface area of
the mineral particles of clay fraction, in [1, 4, 41, 70].

Its graphic representation is based on the survey of a certain number of points, usually
selected arbitrarily, by plotting the abscissa axis the logarithm of matric potential (log Wm)
and on the ordinates axis the soil water content (U, g g, 6, dm3 dm?). Based on these points,
a curve is delineated to represent the soil water retention characteristics.

The knowledge of the water retention curve has practical and scientific applications,
including: determining the inflection point as being the field capacity, in [20, 32, 57,58] the
slope of retention curve at the inflection point, in another words, obtaining the physical
parameter "S", in [19] total water availability and drainable porosity, in [57], water content
and pore size distribution, in [63, 50] non saturated hydraulic conductivity, in [36, 103]
among others.

Several nonlinear models are used to describe the relation between water content and matric
potential, in [2, 7, 8, 19, 36, 42, 45, 57, 58, 61, 82]. These empirical models continue to be used
in order to adjust the soil water retention curves because it has not been developed
theoretical mathematical expressions capable of adequately represent this physical-hydrical
relationship. In adjusting the water retention curve is expected that the greater the number
of points, the better representation of the soil water retention in [90].

At low matric potentials, the retention curve is directly influenced by the stability of the
structure and, consequently, by the formation of structural pores in addition to the
indirect effects of organic matter, in [64, 72]. In high matric potentials, the water retention
is influenced by textural pores associated with particle size distribution and soil
mineralogy, becoming the more important due to the available surface for water
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adsorption, in [51]. This relation between the factors mentioned above characterizes the
non-increasing monotonic function, which is common to all mathematical models of the
water retention curve.

For the soil physical-hydrical description, the theoretical model proposed by Genuchten, in
[36] has been universally adopted and allows to relate, with high predictive power, the
retention energy and the water availability, in [19]. This model is characterized by two
asymptotes, related to soil water content corresponding to saturation and the residual
content, and an inflection point between the plateaus, which is dependent on soil properties,
being its shape and its slope regulated by empirical parameters of adjusting of the model
(“a”, “n” and “m”). The estimative of the water retention curve is given by fitting the tested
model to the data from the undisturbed soil samples, submitted to the interval of the

standard matric potential (1 at 1.500 kPa).

Despite its extensive use in relation to other available models, in [25] it does not adequately
fit to soils with bimodal distribution of pores, i.e., soils with two contrasting classes of pores,
classified into structural and textural pores, in [22]. As a result, modelings have been
proposed which employ equations capable of identifying this distribution, in which these
pore classes are quantified by means of two maximum points, obtained by derivation of the
water retention curve, in [2, 19] and consequently, two inflection points.

The double exponential model proposed by Dexter et al, in [19] allows identifying the
bimodal pore distribution in soils from temperate region in the matric potential interval
related to the saturation water content (Usat) up to the residual water content (Ures). On the
other hand, the Alfaro Soto et al. model, in [2] identifies the bimodal pores distribution in
tropical soils in a matric potential interval upper to the standard determination (1 < Wm
<100.000kPa) of the water retention curve.

The application of theoretical models, both in unimodal- and bimodal-pore distribution
soils, provides only the description of the water content average value as a function of the
matric potential and does not consider the possible correlation attributable to observed
measurements in the sample at different matric potentials. In addition, these models do
not consider the heterogeneity of variance, which was studied by Moraes et al, in [59]
which found reduction of dispersion of the water content by increasing the matric
potential.

A new model of adjustment for the water retention curve was proposed, in [10],
denominated double van Genuchten (Figure 2). So, as well as other models, in [2, 19] the
derivative of this model presents the bimodal density function for the pore size distribution
of soil tropical, which stratifies the porosity of these soils into structural and textural pores,
obtained by two inflection points which are evident from the nonlinear relation among the
variables, expressed by this model, considering, however, the different matric potential
interval for establishment of water retention curve (1< Wm < 300.000 kPa). However, due to
the higher number of parameters, the template double van Genuchten becomes more
flexible.
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The equation below (Figure 2) shows m=1-1/n restriction, in [61] for both curve segments,
structural (msr) and textural (mwx). The gravimetric water content and matric potential are
represented by U and W, respectively. The parameters Ures, Upwp, Usat represent the inferior
asymptotic plateau (W = <) or asymptotic residual water content, the intermediate plateau,
represent the value of water content which is slightly constant around the permanent
wilting point and the upper asymptotic plateau (W = 0), indicates the saturation water
content, respectively. The a and n parameters are associated with the scale and shape of the
curve between top, middle and bottom asymptotes; ast and nst (structural) correspond to
the first segment and ouex and newex (texture) to the second segment of the curve. This
procedure of adjusting of nonlinear models can be obtained by employing the
2.14.1software R, in [69].
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Figure 2. Proposed model for adjustment of the double van Genuchten function for retention curve,
with the locations of parameters associated with the model, being matric potential (¥) and water
content (U) estimated from the first inflection point (Isr) and the second inflection point (liex), in [10]

On the other hand, the water retention curve represents a cumulative distribution, thus, its
derivative is proportional to the probability density function, and this function represents
the distribution density of pores by size. The slopes represent the class of pore diameter that
occurs most frequently. It explains why a larger quantity of water is removed when it is
applied a tension corresponding to that diameter of the pores and therefore there is a great
loss of water around this matric potential. The double van Genuchten model generalizes this
assumption to accommodate the bimodal pore distribution, and therefore, the function has
two inflection points.
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5. Final remarks

A higher content of iron- and aluminum- oxides in the clay fraction of clayey Latosols
(Oxisols), widely dominant soils in the plateaus of the Brazilian Cerrado Biome, currently
the most demanded for sustainable grain production, is associated with the soil granular
structure of these oxidic soils. This structure, when well expressed as in the B horizon of
these very old Latosols, favors in the soil the existence of two distinct populations of pores:
the bigger pores or structural pores (among aggregates) and the smaller pores or textural
pores formed between the mineral particles (inside aggregates). This means that in these
soils practically there are no pores between these two limits. This condition is also valid for
sandy soils.

In this context, the model recently proposed by Carducci et al, in [10], and much detailed in
this chapter adequately contemplates this bimodal distribution of pore size and
functionality with respect to soil water retention in these peculiar soils in this important
Brazilian Biome (one of the last agricultural frontiers in the world).

This represents a conceptual and methodological advance and an adapted modeling to the
mineralogical and structural characteristics of these soils, in a region characterized by well-
defined wet and dry season, with direct consequences on the water dynamics in these soils
and in the environment in general.
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Fougerite a Natural Layered
Double Hydroxide in Gley Soil:
Habitus, Structure, and Some Properties

Fabienne Trolard and Guilhem Bourrié

Additional information is available at the end of the chapter
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1. Introduction

In soils, the clay fraction defined by particles with a size less than 2 um, contains numerous
minerals, which have fascinated many people to determine their structure and study their
properties in the environment. For example, very soon after the time of the discovery of the
Bragg’s rule and the development of X-ray diffraction since 1918, Tamm (1922) developed a
chemical pre-treatment of the samples to separate the well crystallized clays from the
“undefined mixture of Si, Fe, Al” contained in soils. Then in 1960 — 1980, a large community
in the World has studied the well crystallized clay - minerals, such as kaolinite, nontronite,
montmorillonite, vermiculite, bentonite... from mining deposits. It has established the
structures, explained the negative charges of the layer in relationship with substitution of
structural cations III by cations I in the layer, neutralized by interlayered cations. This kind
of structures induced particular properties in soils such as cationic exchange capacity or
swelling... In the 1990-years, a new family of phyllites appears, the Layered Double
Hydroxides (LDHs), named “anionic clays”, that has layered structure with an anionic
exchange capacity and particular electrochemical and magnetic properties. Easily
synthetized, LDHs are essentially studied in the laboratory for industrial applications.

In soils, the study of LDHs emerges, because these constituents well crystallized, have
particle size often less than 500 nm, develop a large reactivity with the soil solution and
interfer with many biogeochemical cycles, e.g. Fe, Si, Al, Mg, Ca, K, N.... In soils, fougerite, is
a LDH, responsible for the blue-green colour of gleysols. It can be identified simply in the
field by its colour that changes to ochre when in contact with oxygen from the atmosphere.

The purpose of this chapter is to expose some thermodynamic properties deduced from the
study of the natural LDH, fougerite, and propose their extension to other LDHs.

I NT EC H © 2012 Trolard and Bourrié, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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2. The natural LDH: fougerite

Fougerite (IMA 2003-057) is the natural green rust mineral responsible for the bluish to
greenish colours expressing reductomorphic properties (Driessen et al. 2001, Annex 2, p.314).
As early as in the original definition of gley by Vyssotskii (1905, [1999]), the colour of gley
was considered as indicating the presence of Fe “protoxide”, i.e. of ferrous oxide (s.l.). This
colour has been ascribed to “green rust” by Taylor (1981). Green rusts are intermediate
compounds in the corrosion of steel first evidenced by Girard and Chaudron (1935). The
first evidence for green rust, as a natural mineral, was provided by Trolard et al. (1996, 1997).
The mineral was identified in a gleysol developed on granite in Fougeres (Brittany, France),
from which the name fougerite was proposed. To determine the occurrence, the reactivity
and the structure of fougerite, selective dissolution techniques, Mossbauer, Raman and
EXAFS spectroscopies and thermodynamic modelling were used both on natural samples
and synthesized compounds. The mineral was homologated by the International
Mineralogical Association in 2004 (Trolard et al. 2007).

The originality of fougerite is that instead of the other LDHs, such as Ca — AI(III) or Ni(II) -
Al(Ill) LDH, Fe(Il) and Fe(Ill) can exchange electrons in the layer between each other.
Though it is generally a nano-mineral, it is however not poorly ordered, but well
crystallized (trigonal system).

2.1. Habitus

Iron is the main biogeochemical marker of gleyey soils. To observe fougerite in soils,
different conditions with regard to hydric variations, biological and biochemical processes
must be simultaneously fulfilled. They are:

- anexcess of water;

- moderate reductive conditions;

- temperature conditions favourable to microflora activity;

- the presence of chemical elements that are able to record more or less irreversibly the
variations of aerobic or anaerobic conditions, named geochemical markers (Trolard et
al., 1998).

Soil colour is closely related to the nature of iron oxides, more specifically to their degree of
hydration and their amount (Vyssotskii, 1905[1999]; Taylor, 1981; Cornell and Schwertmann,
2003). Moderately reduced waterlogged soils are characterized by the blue-green colour,
which turns into ochre when the soils are open to the outer atmosphere (Vyssotskii,
1905[1999]; Ponnamperuma et al., 1967). It has been often ascribed to the occurrence in the
milieu of mixed Fe(Il) — Fe(Ill) compounds with a likely structure of green rust (GR). This
assumption has been formulated since the 1960s and largely discussed in the literature (e.g.
reviews by Taylor, 1981 or Lewis, 1997).

2.2. Structure

Green rusts belong to the large group of LDH compounds (table 1). The LDH structure is built
of stacked layers of edge-sharing metal octahedra containing divalent and trivalent metal ions



Fougerite a Natural Layered Double Hydroxide in Gley Soil: Habitus, Structure, and Some Properties

separated by anions between the interlayer spaces. The range of composition of LDHs is very
narrow and they differ mainly by the nature of the interlayer anion (Allada et al., 2002). The
general structural formula can be expressed as [Me(11)1x Me(IIl)x (OH)2][x/n A", mH20], where,
for example, Me(1I) could be Mg(II), Ni(II), Co(II), Zn(II), Mn(II) and Fe(Il) and Me(Il) is AI(III),
Fe(Ill) and Cr(Ill) (Sparks, 2003). As all sites of the layer [Me(Il)1x Me(III)x (OH)2] are occupied,
this exhibits a net positive charge x per formula unit, which is balanced by an equal negative
charge from interlayer anions A™, such as Cl, Br, I, NOs, OH, ClOs and COs*. Water
molecules are present too in the interlayer (figure 1).
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Figure 1. Stacking and structures of Green Rusts 1 (a) and 2 (b). Me(II) = Fe or Mg and Me(III) = Fe (from
Trolard and Bourrié, 2008).

mineral Structural formula Interlayer anion
fougerite [Mgy Felli.x Fellly (OH)2][x/n A", mH20)] Possible : OH;, Cl;, COs*...
meixnerite [Mgs Al (OH)16] [(OH")2, 4 H20] OH-

woodallite [Mgs Cr2 (OH)1¢6] [(Cl)2, 4 H20] Clr

iowaite [Mga Fel (OH)10] [(CT), 2 H20] Cl

takovite [Nis Al2(OH)16] [(COs*, OH), 4 H20] OH, COs*

hydrotalcite [Mgs Al2 (OH)16] [(COs?), 4 H20] COs>

pyroaurite [Mgs Fel' (OH)16] [(COs*), 4 H20] COs>

Table 1. Structural formula of some natural layered double hydroxides

Fougerite was first characterized by selective dissolution techniques, Mossbauer and Raman
spectroscopies (Trolard et al., 1997). By EXAFS, the structure was confirmed, but it appeared
that in addition to Fe, Mg was present in the natural mineral (Refait ef al. 2001).

The generic formula of synthetic green rusts is [Fe(II)1x Fe(Ill)x (OH)2][x/n A™, mH20], where
x is in the range [1/4 — 1/3]. In the synthetic compounds, the interlayer anion is largely
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variable: Cl, Br, I, COs%, C204%, SeO4?, SO3%, SO4% ... With CI;, Br,, I, COs? and SOs?, that are
small sized, spherical or planar anions, there is only one layer of water molecules in the
interlayer, and the symmetry group is trigonal (GR1 structure) (Refait et al. 1998), while with
SeO4, SO4%, that are tetrahedral, there are two layers of water molecule, and the layer
stacking is different (GR2 structure) (Simon et al. 2003). Green rusts can be easily
synthesized in the laboratory (Murad, 1990), form by oxidation of Fe(Il) in solution (Lewis,
1997), by partial oxidation of Fe(OH)2 (Génin et al. 1994) or by bacterial oxidation of Fe(III)
oxides (Fredrickson et al. 1998).

As smectites can accommodate different cations in the interlayer, fougerite, green rusts and
other LDHs can accommodate different anions. Indeed, natural minerals have been
described with the same structure, in which OH;, CI, COs* are the interlayered anions
(figure 1). In Fougeres, the most likely anion is OH- as evidenced by considering
soil/solution equilibria (Feder et al., 2005) and by XRD decomposition (Trolard and Bourrié,
2008). In other environments, Cl- or COs* could be present too with a GR1 structure, and
S04 with a GR2 structure, but this was not yet found in the field.

2.3. Some properties

2.3.1. Ionic exchange capacity

Ion exchange involves electrostatic interactions between a counter-ion in the boundary layer
between the solution and a charged particle surface and counter-ions in a diffuse cloud
around the charged particle. It is usually a rapid, diffusion - controlled, reversible,
stoichiometric reaction, and, in most cases, there is some selectivity of one ion over another
by the exchanging surface (Sparks, 2003).

Ionic exchange capacity can be studied on bulk soil sample by measuring CEC (cationic
Exchange Capacity) or AEC (Anionic Exchange Capacity). In 1:1 clay minerals, such as
kaolinite, in metal oxides, amorphous materials and organic matter, ion exchange is due to
surface sites that dissociate (Lewis acid, carboxylic or phenolic moieties), so that the net
electric charge is pH dependent (Stumm, 1987; Sposito, 1989). In 2:1 clay minerals, in
addition to Lewis acid sites, there exist isomorphic substitutions of different charge ions in
the lattice, so that the net charge is the sum of a constant charge defect, always negative, and
a pH dependent charge. The net resulting charge is negative, and is compensated by
interlayer cations, more or less hydrated. The magnitude of CEC in soils is usually larger
than AEC, but highly weathered soils in acidic environment can exhibit a substantial AEC.

As 2:1 clay minerals, LDHs contain constant positive charge due to the presence of both
divalent and trivalent metals in the octahedral layer, and both external and internal exchanges
sites, but the net resulting charge is positive, and the interlayer ions are anions. This is the basis
of their designation as “anionic clays”, though strictly speaking, LDHs are not clay minerals,
as they are not phyllosilicates. Anions present in the interlayer sheet can be exchanged.

The property of exchange is often used to obtain some synthetic compounds that cannot be
precipitated directly. This is the case for green rust with interlayer COs* or C204*, because
presence of carbonate or oxalate in the initial solution inhibits the formation of Fe(OH):
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sheets, which is the first step to build up green rusts by precipitation. These green rusts are
then obtained by exchanging the SO4* from a sulphate - green rust with COs? or C204*
(Drissi et al., 1994; Refait et al., 1998).

Much more basically, the properties of cationic or anionic exchange of clays and LDHs in
soils contribute to the capacity of these soils to retain or release ions in a form available for
plant uptake and contribute then to the supply of nutrients for plant growth. For example,
this is the case for Ca?", Mg? or K* from clays and NOs or SO«* from LDHs.

2.3.2. Redox reactivity

Redox reactivity is a particular property of Fe-LDH (green rust) and fougerite due to
possible transition from ferric and ferrous state inside the hydroxide sheets. Thus two kinds
of reactions can be observed: one affects only the hydroxide sheets and the second interacts
with the interlayer anion.

The redox reactivity of the hydroxide sheets determines the stability and the transformation
of Fe-LDH in other minerals. Concerning the stability, Refait et al. (2001) showed that in a
same layer each Fe* ion must be surrounded only by bivalent, either Fe? ions or Mg?* ions
for the natural mineral fougerite. This is due to the fact that if the Fe"/Fetotal is up to 1/3, the
electrostatic repulsion of two neighbouring Fe* induces an oxolation reaction and the
formation of Fe-O-Fe bonds. In the laboratory, this reaction permits to obtain a range of
intermediate compounds between green-rusts and well crystallized Fe'- oxides such as
lepidocrocite, goethite or hematite (e.g. Schwertmann and Fechter, 1994; Lewis, 1997). The
final products depend on the kinetics of oxidation and the nature of the interlayer anion. In
the field, in situ Mossbauer spectra can be obtained every two days and at different depths
(Feder et al., 2005). The results show that Fel'/Fetwtal ratio changes with the dynamics of pH
and Eh in the soil solution of the waterlogged soils, indicating that the proportion of Fe'' and
Fe''in the mineral changes with time and depth (figure 2).

Other works underlined that oxidation of Fe(Il) from GRs was the most relevant abiotic
reaction of reduction pathway in natural environments, soils and sediments. This is the case
for reduction of selenate Se(VI) into Se(0) or Se(-II) (Myneni et al., 1997), Ag(l), Au(lll),
Cu(Il) and Hg(II), respectively into Ag(0), Au(0), Cu(0) and Hg(0) (O’Loughlin et al., 2003)
or Cr(VI) into Cr(Ill) (Loyaux-Lawniczak et al., 2000).

The redox reactivity due to the interactions between the hydroxide sheets and the interlayer
anion can induce reactions which are not able without the contribution of the particular
position of electron donors and acceptors. For example, while in solution NOs cannot be
reduced by Fe?*, Hansen et al. (2001) show that Fe-LDHs reduced stoichiometrically NOs-
into NHs* and the kinetics of the reaction depend on the type of the interlayer anion, the
hydroxide layer charge and the relative content of Fe(Il) in the hydroxide layers. But the
reduction of NOs into NHs* in one step as observed, requires a simultaneous transfer of 8
electrons from Fe? to N. When NOs is in interlayer position in a green rust, the hydroxide
layer reacts by oxolation of Fe(II) - OH — Fe(Il) bonds into Fe(IlI) - O — Fe(IIl) releasing 8e-
and 8H (figure 3). The GR oxidizes into hematite or goethite. For GR(SOa), the half-reactions
and net reaction can be written as follows:
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2FelyFel; (OH)12S504 — 6 Fe20s, hematite + 6 H2O + 2 SO42 + 8e- + 12 H*
NOs +8e + 10 H* > NH4 + 3 H20

2FelyFell; (OH)12SO4 + NOs — 6 Fe203, hematite + 9 H20 + 2 SOs> + NHa + 2 H*
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Figure 2. In situ Mdssbauer monitoring in Fougéres’s soils (France): a. MIMOSII spectrometer used; b.
Example of spectra obtained after two days of measurement in one depth; c. Variations of the ratio
Fe/Fetotal in soil with depth and time (from Feder et al., 2005).

3. Thermodynamic modelling of stability of LDHs

Thermodynamic properties of minerals mainly depend on the chemical composition of the
mineral, and at a lesser degree on its structure. Evidence for this is the fact that nesosilicates
include very soluble compounds such as olivine and quasi-insoluble minerals, e.g. zircon.
Considering isostructural compounds, thermodynamic properties can thus be related with a
suitable parameter depending on the chemical properties of ions. As the interaction between
layer and interlayer is mainly electrostatic, we proposed to consider the electronegativity of
the ion (Bourrié et al., 2004). Jolivet (1994) developed a partial charge model based upon
Allred and Rochow’s electronegativity scale.
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Figure 3. Reaction mechanism during the reduction of the interlayer NOs with Fe™ from hydroxide
sheets in fougerite

3.1. Thermodynamic data

To develop thermodynamic modelling, the first difficulty is to obtain a homogeneous data
base. Tables 2 and 3 contain the reference data that are used for all thermodynamic
calculations presented here.

3.2. Allred - Rochow electronegativity: A predictive parameter of the stability of
hydroxides, oxyhydroxides and green rusts

The Allred - Rochow electronegativity scale is based upon the interaction energies between
one molecule or one ion and its electrons (Allred and Rochow, 1958). It is a function of bulk
charge Z of this molecule or ion.

= (OE /ON)
where E is the energy of the molecule or ion and N the number of electrons.

The electronegativities of the elements, yi* are derived from the electronic affinity and first
ionization energy of the element and are independent of P and T. Following the partial
charge model, developed by Jolivet (1994), the electronegativity of any molecule or ion can
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Table 2. Thermodynamical data used for calculation



{00t} 10 38 gunog () Sessi) 10 12 pumo (f) Aess1) 1099 ymey (D) Seps1) Poeg (1) :

H L6'SET- iy

¥ [OD-THD = ¥ + \H § + {02 + mpanopd] g
LELE Lok li o 1950 ¥ FOSTHD = B + H 9 + {08 + Bonopdin §
WL ¥50E1- rFe € 12° 149 = 8¢ + . Hir + 1D + Wpanapdn) ¢
s BEIE O'H + vnmaty) = Bnpen T
L T | Guresly Gowfl | Guasd W v E[usau|w ussmiag uaqiinka jo suspsvay fag
Ls'e | o' | Lpwap 4

[3 [T e [ SEFIT EL67) | T | spoccapdy susmosolsg OB+ ML =T + HE+ T (HO) Y
T DU SBLE" oTe | kSt T . O'HEI+ + J949 = 9T+ HL|+ FOFTED
z 00'BESE (1 SEWEE MY URUD) — SIRUGQIEY O'HEI+ £'0D+ .49 = 92+ .HT |+ EOTHD
T o0SKITT L EF ST BFT" Y USRI = BT c....!b + i B 4 H@* [OFIHD
T ECEl [ PODL: appeoapdi wheL) OFHE + .c8d = JHE + T (HOI |
T | eeeR T0'6R5- | OF'ee | ISIT B¥l- | L0907 | IEER nprxoapdy o) HO T+ .8 ="(holay
¥ _ . L 9T oIE: | 1ok 9511 ¥STO- mr | T OFHE + 3 = 3T + HI+ " (HO) 34
1| bise Loewst | EL9EF | 0B SO0E" FEQIT | wLILI 0501 L - ..Et..u =3¢ + FlHold
F ol £5 191 HOTTE | stmy s mnaas OFHE + o m.HE + # + T {haleg
ROSR SERE- AT L0 15°£0T L HOE + . = ™ (Ol 8y
£E8TE| SEBE- 0% 005 T9%IT 901 W' € HOE + 83 =0 + ™ T{HO)ny
T 80 BE'EET- 6'F e s ) O'HUE + % = JHE + 'O%T
] SKFSSL | 9E0IT FEFT 1T FEBEI" osT) oo |t ] O'HE + T = 9 + HY + 'O
T [ 5991 | HEE" SB0 | | | auronopdy OHL + =R+ :T. HOOR
T | o Ve | OC0BF | 99510° L6¥l | IE101- | 9FSE 9880 | | | aupeal OHT + .34 @ « HE + HOO™

7 | Danowy | Gounhd | (rouyfrd {rousgu) (o) By | Drow) Goufd | Cuas) W Ju
fatdas GleH's | G0’y | GldeH™ bs™w | o™ | Lpiap a puncduice S0 sy SEJBUIL O SUCIIIES] UOIIN|OES|P iy

Fougerite a Natural Layered Double Hydroxide in Gley Soil: Habitus, Structure, and Some Properties 179

Table 3. Thermodynamical data used for calculation (suite)



180 Clay Minerals in Nature — Their Characterization, Modification and Application

be computed from the stoichiometric formula, the electronegativities of the chemical
elements, yi* and the net electric charge of the ion. The relationship is given by the following
equation:

Y v+ 1362

RS

where Z is the global electrical charge of the molecule or ion, and the summation is carried
upon all elements of the molecule or ion.

The electronegativity of any molecule or ion can thus be calculated. It is a microscopic term
with the dimension of an energy. For example, to calculate the electronegativity of the
hydroxyl group OH-, we used the electronegativity of oxygen and hydrogen x*(O) = 3.5 and
x*(H) = 2.1, respectively and the charge of the anion is Z = - 1; thus the electronegativity of
the hydroxyl group, OH-, is obtained as y(OH") = 1.6. In this way, with yi* = 2.5 for C, 2.83
for Cl and 2.48 for S (Jolivet, 1994), the values obtained for the anions are y (Cl) = 0.5421,
%(COs%) = 2.007 and y(SO+*) = 2.2856 (Trolard and Bourrié, 2008). Table 4 summarizes the
values of Allred-Rochow electronegativities of some chemical elements, anions and cations
used in calculations.

element x* ion i
H 2.10 Cl 0.54
C 2.50 OH- 1.60
N 3.07 SO«* 1.86
O 3.50 COs> 2.00
Mg 1.29 C204* 2.33
Al 1.47 NOs 2.76
Si 1.74 HsSi0« 2.37
S 248 Mn? 5.10
Cl 2.83 Fe 5.29
Cr 1.59 Co? 5.35
Mn 1.63 Ni* 5.45
Fe 1.72 Cu? 5.35
Co 1.75 Zn% 5.16
Ni 1.80 Al 6.42
Cu 1.75 Cr 6.73
Zn 1.66 Fe¥ 7.07
Co* 7.15
Ni* 7.27

Table 4. Allred-Rochow electronegativity values of some elements (from Jolivet, 1994) and ions (this work).
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The Gibbs free energy, i.e. A‘G?, and the enthalpy of formation, i.e. AdH’, of minerals or solid
compounds are the main terms of macroscopic energy of interest. They can be obtained by
the following semi-empirical equations:

AHO(i) - AHOG) = F [x() - 7()]

or
AGO(i) - AG() = F [%(1) - x()]

where F is the Faraday constant, i.e. F = N ¢ where N is the Avogadro Number et e the
electron charge, i and j indexing the ions exchanged or substituted in isostructural
compounds. The multiplication by F transforms the energy from the microscopic (atomic)
scale to the macroscopic (molar) scale.

3.2.1. Hydroxides and oxyhydroxides

Thermodynamic data used here were taken from Bratsch (1989). The enthalpies of formation of
hydroxides, with the general formula: Me"(OH)z, and oxyhydroxides, Me™"OOH, are plotted
versus Allred-Rochow electronegativities of bivalent and trivalent metals respectively (figure 4).
The considered divalent metals are: Mn, Zn, Fe, Co, Ni, Cu and the trivalent metals are: Al, Cr,
Fe, Ni and Co. Linear correlations are observed both for these hydroxides and oxyhydroxides.
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Figure 4. Relationship between enthalpies of formation of Me(II)-hydroxides and Me(III)-
oxyhydroxides and electronegativity of divalent and trivalent cations respectively.
3.2.2. Green rusts

The Gibbs free energies of formation of synthetic green rusts are plotted versus Allred —
Rochow electronegativities of the interlayer anions (figure 5). The value of the Gibbs free
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energy of Fe(OH): is plotted at y, =0, as the interlayer is empty. Both Gibbs free energies and
electronegativities are normalized to 2 structural OH per mole formula, i.e. for one third of
the unit cell of a brucitic layer Mgs(OH)s or Fe''s(OH)s. A linear correlation is obtained for
Green Rusts, from which the value of the Gibbs free energy for fougerite is derived, using y,
= 1.6 for OH-. This relationship has as consequence to show a differential selectivity between
the different anions, following the sequence Cl- < OH- < COs* < SO+*increasing the stability
of the structure and permitting the interlayer anion exchanges.
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Figure 5. Relationship between Gibbs free energies of formation of green rusts (Fe LDHs) and the
electronegativity of the interlayer anion.

3.3. Modeling of the LDH thermodynamic stability in presence of Si: a possible
pathway to clay mineral formation.

3.3.1. Experimental data used

The study of the thermodynamic stability of LDH in presence of Si is based on experimental
data obtained on hydrotalcite — like compounds with the general formula [Me(I])1xAl\(OH)z].
[x/n A™, mH20] with (0.2 <x <0.4) and Me(II) = Ni (Allada et al., 2002; 2006).

The range of composition of LDHs is very narrow and they differ, in the first order, mainly
by the nature of the interlayer anion (Allada et al., 2002, Bourrié et al., 2004).

Enthalpies of formation of Ni-Al LDHs were taken from Peltier et al. (2006) (table 5).

3.3.2. Results of the calculation

Same as Green Rust above, the value of the enthalpy of formation of Ni(OH): is plotted at y,
= 0, as the interlayer is empty. A large decrease is observed when LDHs form and figure 6
shows that the enthalpies of formation of synthetic Ni-Al LDHs are very close to each other
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when the compensating anion is sulphate, carbonate or nitrate. The enthalpy of LDHs when
silicate anion is present in addition to carbonate shows a more negative value.

Value of the stoichiometric coefficients in the Ni-Al LDHs| AH0 A0
compounds | Ni Al NOs [COs% [SO«* |HsSiOs |OH  |H2O | /k].mol?| /k].mol*!
NO3-2 0.65| 0.35| 0.21] 0.07 0 0 21 042 -942.41 -807.60
NO3-H 0.66| 0.34| 024 0.05 0 0 2 0.3| -904.03 -773.90
NO3-10 0.77] 0.23| 0.13| 0.05 0 0 2 0.6| -908.42 -776.00
S0O4-2 0.66| 0.34 0| 0.02| 0.15 0 21 0.21] -940.30 -823.20
SO4-H 0.65| 0.35 0| 0.025| 0.15 0 2| 0.22| -957.52 -839.40
SO4-10 0.72| 0.28 0/ 0.02| 0.12 0 2| 0.43| -952.78 -829.30
CO3-2 0.64| 0.36 0/ 0.18 0 0 2| 0.46| -987.30 -862.00
CO3-H 0.66| 0.34 0| 0.17 0 0 2| 042| -950.57 -851.40
CO3-5 0.67| 0.33 0| 0.17 0 0 21 0.41] -930.47 -828.70
CO3-Si 0.65| 0.35 0 0.1 0 0.15 2| 0.08|-1132.27 -925.40
Ni(OH)2 1 0 0 0 0 0 2 0| -540.34 -459.10
Al(OH)s 0 1 0 0 0 0 3 0] -1293.00| -1155.00

Table 5. Enthalpies of formation and Gibbs free energies obtained by Peltier et al. (2006) on Ni-Al
LDHs used in calculations
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Figure 6. Relationship between enthalpies of formation of Ni-Al LDHs and average electronegativities

of An anion.

As the composition of the layer is quasi-constant, i.e. x € [1/4; 1/3], the variation of the

enthalpy formation can be written:

AH woh) = AiH nydr) - x F y(anion) + m AfHO%,c
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where m is the number of moles of water in the interlayer under a crystalline state, x the
electric charge of the hydroxide layer and F the Faraday constant (cf. supra). The minus sign
comes from the negative charge of the anion.

The quantity AiH’won) + x F y(anion) is plotted versus the number of moles of water
molecules per mole formula (figure 7). Two groups appear distinctly: all LDHs without
silicate anion in the interlayer, and mixed silicate-carbonate Ni/Al-LDHs.
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Figure 7. Relationship between enthalpies of formation of Ni-Al LDHs corrected from the contribution
of electronegativities of A anion and the number of moles of water in the interlayer.

The large variation of enthalpy from the pure Me(II) — hydroxide to the first stable LDHs can
be ascribed to the opening and hydration of the interlayer as soon as the net charge of the
layer is not zero, i.e. the enthalpy of hydration of the layers: AtH%ydr.. This explains the large
deviation from ideality observed when modelling these compounds as solid solution (e.g.
Bourrié et al., 2004 for Fe-LDHs or green rusts). As this term is large, the influence of the
nature of the interlayer anion is masked. However, it would be interesting to check the
influence of anions with larger electronegativities, such as Cl-.

The silica anion exerts a large influence by expelling water molecules. This does not lead to a
reversal to more positive values of AdH%.pn), but instead to more negative. It can be ascribed
to condensation of silicate anion with the LDH layer with elimination of water molecules,
hence the nucleation of Ni(II)-Al clay mineral by polymerization of silica within the
interlayer following the anion exchange carbonate/silicate (Peltier et al., 2006).This implies
that silica combines to the hydroxide sheets, as a first step towards new formation of
phyllosilicate minerals. It is possible that the hydroxyl groups of the hydroxide sheets begin
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then condensate with hydroxyl groups of the silicate tetrahedra. This is not the case with
sulphate, which give rise in green rusts to two monomolecular layers of water, instead of
only one with planar anions.

4. Conclusions

Fougerite, as other layered double hydroxides (Sparks, 2003), plays an essential role in the
formation of clay minerals, both phyllosilicates and iron hydroxides and oxides. They
control both major elements, e.g. Mg, Fe, and trace metals (Co, Cr, Mn, Ni and Zn) in the
environment.

Electronegativity of ions, computed following the model of partial charges by Jolivet (1994)
is a suitable parameter to correlate macroscopic thermodynamic properties of isostructural
compounds when interactions are mainly electrostatic. It is of special value for small sized
natural minerals that cannot be isolated and purified, and to assess consistency between
experimental data sets.

The introduction of silicate anion by anionic exchange in a LDHs structure leads to a
reduction of the number of water molecules in the interlayer and increases the stability of
lamellar double hydroxide. This transient structure can be considered as the first step
towards the formation of a new clay mineral.
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Role of Clay Minerals in Chemical
Evolution and the Origins of Life

Hideo Hashizume
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1. Introduction

A number of hypotheses have been proposed regarding the origins of life on Earth. In the
Russian text of 1924, Oparin (1938) suggested that simple molecules (e.g., CHs, NHs) in the
early Earth, reacted to form small bio-molecules and complex bio-polymers (e.g., nucleoside,
nucleotide, peptide, polynucleotide) which then evolved into multimolecular functional
systems, and finally ‘life’ [1]. A few years later, Haldane (1929) independently proposed a
similar hypothesis for the origins of life [2]. It was Bernal (1951), however, who first
suggested that clay minerals played a key role in chemical evolution and the origins of life
because of their ability to take up, protect (against ultraviolet radiation), concentrate, and
catalyze the polymerization of, organic molecules [3]. Indeed, Cains-Smith (1982) has
suggested that clay minerals can store and replicate structural defects, dislocations, and
ionic substitutions, and act as ‘genetic candidates’ [4]. Thus, intercalation of organic
molecules and monomers into the layer structure of clay minerals, such as montmorillonite
and kaolinite, would favor the formation and replication of biopolymers with specified
sequences (e.g., enzymes, polynucleotides).

The composition of the primitive atmosphere is an important factor influencing the
formation of small biomolecules. Urey (1952) and Miller and Urey (1959) proposed that the
early Earth had a reducing atmosphere, and conducted their experiments on chemical
evolution accordingly [5, 6]. Computer simulation, however, would indicate that the
primitive atmosphere was not reducing. Moreover, it was very difficult to synthesize bio-
organic molecules under reducing conditions.

In this review we describe the environment of the primitive Earth, outline the clay-induced
formation of small molecules and simple bio-molecules, discrimination of optical isomers,
and polymerization of bio-molecules, and then briefly remark on the RNA world and the
origin of cells.

I NT EC H © 2012 Hashizume, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Environment of the early Earth

In discussing the origins of life, it is important to know the state of the early Earth. Cosmic
dust grains, rotating around the primitive Sun, coalesced to form planetesimals, and then
larger bodies (e.g., planets) through gravitation, giving rise to the solar system about 4.6
billion years ago [7]. The surface of the primitive Earth was molten to a depth of 1000 km [8].
The light elements had disappeared into space but various gases were retained on the
surface by gravitation. As the temperature decreased, the surface of the magma ocean
gradually solidified. Water vapor, carbon oxide, nitrogen gas began to cover the Earth
surface, forming the primitive atmosphere. Water vapor gave rise to clouds which turned
into rain, feeding rivers and oceans. Dissolved metal ions from rocks entered into the
primitive ocean. Lightnings and volcanic eruptions often occurred. Small and large
meteorites also bombarded the early Earth. These events and light from the sun were
conducive to creating simple organic compounds and small bio-molecules.

2.1. Atmosphere

In an early paper, Urey (1952) suggested that Earth’s primitive atmosphere was mainly
composed of anoxic gases (e.g. NHs, CHs) and water vapor [5]. On the other hand, Levine et
al. (1982) proposed that non-reductive gases (e.g. CO, COz N2) made up the
paleoatmosphere [9]. More recently, Owen (2008) argued for a composition between anoxic
and non-reductive gases [10].

2.2. Meteorite

There are basically two types of meteorites: primitive and fractionated. Table 1 shows a
classification scheme for meteorites. Carbonaceous (C-)chondrite is considered to be the
earliest type of meteorite, containing a ‘memory’ of the primitive solar system. C-
chondrites are mainly composed of Mg-rich minerals including a hydrous silicate,
serpentine. They also contain organic and bio-organic molecules (e.g., amino acids). When
such meteorites rained down on the early Earth, the energy of collision would convert
simple organic molecules to bio-organic compounds. Table 2 lists the range and variety of
organic molecules in space.

2.3. Bombardment by meteorites and asteroids

The craters on Moon were formed about 3.8-4.0 billion years ago through bombardment
by meteorites and asteroids [11]. At the same time, huge numbers of meteorite and
asteroids would have hit the relatively larger Earth because of its proximity to Moon. As a
result, the surface temperature of Earth would markedly increase, and most liquid water
would have evaporated. Likewise, many simple organic compounds or large bio-
molecules that were present, or formed through meteorite impact, would have volatilized
or decomposed.
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Stony chondrites
Enstatite chondrites
H(high-Fe) chondrites
L(low-Fe) chondrites
LL(low Fe and low metal) chondrites
Carbonaceous chondrites: Type I No Chondrule, & Type II Chondrule
Achondrites
Ca-poor: Aubrites, Diogenites, Ureilites, Chassignite
Ca-rich: Angrite, Nalhlites, Eucrites, Howardites
Stony- Irons
Pallasites, Mesosiderites

Irons
1 AB, II AB, IIAB, IVA,IV B

Table 1. Classification of meteorites [59].

Nitryl and acetylene derivative etc.
HCN, HC3N, HCsN, HC7N, HCoN, HCu1N, HC2CHO, CH3CN, CH3CsN, CHsC2H,
CHsCH:CN, CH,, CHCN, HNC, HNCO, HNCS, HNCCC, CHsNC, HCCNC
Aldehyde, Alcohol, Ether, Ketone, Amine, etc.
H2CO, H2CS, CHsCHO, NH2CHO, H.CCO, CHsOH, CHsCH20H, CHsSH, (CHs)20,
(CH3)2CO, HCOOH, HCOOCHs, CHsCOOH, CH2NH, CHsNH2, NH.CN, H2Cs, H2Cs, H2Cs
Allene
c-CsHy, ¢-SiC2, ¢-CsH, ¢-C2HsO
Molecular ions
HCS*, CO*, HCO*, HOCO*, H.COH*, HCNH*, HCsNH*, HOC*
Radical
OH, CH, CH:, NHz, HNO, C:H, C:H, CsH, CsH, CeH, C7H, CsH, CN, CsN, CsN, CH2CN,
CH:N, NaCN, C:0, NO, SO, HCO, MgNC, MgCN, C25, NS

Table 2. Organic molecules in space [60]. c- (Allene): circlar.

2.4. Clay minerals

Clay minerals would have formed by weathering of volcanic glass and rocks. Also, when
the temperature of land and atmosphere decreased, the highly concentrated cations and
anions in the primitive ocean would have precipitated on the primitive ocean floor, and
there interacted to yield certain compounds. The oldest rock on Earth is sedimentary in
origin, suggesting that land erosion by rivers had already happened. Water would have
come into contact with volcanic glass and rocks, opening the way to clay mineral formation.
The Mars investigation indicates the occurrence in the planet’s surface of clay minerals with
an age of > 3.5 Ga, and a chemical composition consistent with Al-S5i-O-H and Mg-Si-O-H
systems [12]. By analogy, clay minerals would have formed on the early Earth.
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3. Simple bio-molecules

The bio-organic compounds of ‘life’ comprise amino acids, nucleic acid bases, sugars, and
lipids (Tables 3 and 4; Figure 1). The role of clay minerals in the synthesis of amino acids,
nucleic acid bases and sugars is described below.

Amino acid Side chaine (R) Amino acid Side chaine (R)
. Aspartic acid -CH2-C=0
Glycine (Gly) -H (Asp) OH
Glutamic acid -CH2-CH2-C=0
. ) ]
Alanine (Ala) CH3 (Glu) OH
CHs
] i - C=
Valine (Val) CH AS};:zg)me CH2 N?HZO
CH3
('jH3 Gl i CH2-CH2-C=0
Leucine (Leu) -CH2-C-H u;c;almme T 4 Ijlz
CH; (Gln)
i
Isoleucine (Ile) -C-CH2-CH3 Lysine(Lys) -CH2-CH2-CH2-CH2-NH2
CH3
Phenylalanine @ . -CH2-CH2-CH2-NH-C=NH2
-CH2 T
(Phe) Arginine (Arg) NH>
e |
Tyrosine(Tyr) -CH2©OH Histidine (His) "z J
H
Trvptonh -CH2
Serine (Ser) -CH2-OH typtophan
(Try) N
H
H2
HOOC_ “—CH>
‘ -CH-CH3 , AR
Threonine(Thr) I Proline (Pro) C
OH /' \ _~CH2
H N
H
Cysteine (Cys) -CH2-SH
Methionine (Met) -CH2-CH2-S-CH3

Table 3. Twenty bio-amino acids and their side chains. Proline: the side chaine is red. The structure of
the amino acid: R-CH(NH2)-COOH
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Phosphatidate
Phosphatidylcholine
Phosphatidylethnolamine
Phosphatidylglycerol
Phosphatidylinositol
Phosphatidylserine
Cardiolipin
Sphingomyelin
Glycolipid

Cholesterol

Table 4. Main lipids of biologial membrane. [61]

o i
N. N
</ I\N < ‘ NH
N N) N %Nm
H H
Adenine (A) Gunanine (G)
NH2 Cl)
\ H3C
‘ N ‘ NH ‘ NH
/L 0 /LO N/LO
N N
H H
Cytosine (C) Uracil (U) Thymine (T)
RNA DNA
(0]
OHCH2 H
OH H
Ribose Deoxyribose

NH2
N ~
< | ) j Nucle|051de <N :l\/j

O—E—O—OCHZ 0]

HOC( iHZ : O :
OH OH

Nucleoside (Adenosine) Nucleotide

(adenosine 5° -monophosphate)

Figure 1. Components of RNA (or DNA) and nucleoside and nucleotide.
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3.1. Amino acids

Miller and Urey (1959) were able to synthesize bio-molecules from simple precursors (e.g.,
NHs, CHs, water) by circulating the mixture past an electric discharge (“spark”), simulating
a lightning strike. Table 5 lists the compounds obtained abiotically under reducing
atmospheric conditions. When montmorillonite was added to Miller’s (1953) system,
Shimoyama et al. (1978) found that the yield of amino acids with an alkylated side chain
increased [13, 14] (Table 5). Subsequently, Yuasa (1989) conducted the sparking experiment
using HCN and NH4(OH) in the presence of montmorillonite [15], obtaining glycine,
alanine, and aspartic acid as the main products.

Glycine Succinic acid

Glycolic acid Aspartic acid

Sarcosine Glutamic acid

Alanine Iminodiacetic acid

Lactic acid Iminoacetic-propionic acid
N-Methylalanine Formic acid
a-Amino-n-butyric acid Acetic acid
a-Aminoisobutyric acid Propionic acid
a-Hydroxybutyric acid Urea

-Alanine N-Methy urea

Table 5. Organic compounds dected in Miller’s experiment [5,13]. Bold: bio-amino acid. Red; more of
these compounds were obtained in the presence of monmtrillonite [13].

Some components of the primitive atmosphere are soluble in water. Under hydrothermal
conditions, as would pertain in a thermal vent, the dissolved components would react to
form various amino acids (e.g., glycine, alanine, lysine, isoleucine) as Marshall (1994) has
reported [16].

The primitive atmosphere might not have been reducing, however. Further, bio-organic
molecules are difficult to obtain under the conditions used by Miller (1953) [14]. In an
attempt to make for favorable conditions, Kobayashi et al. (1990) used proton irradiation to
produce a reducing atmosphere from an oxidizing one [17]. Nevertheless, the role of clay
minerals in the formation of bio-molecules remains uncertain. Infrared spectroscopy
suggests that the dust in the diffuse interstellar medium contains aliphatic hydrocarbons
[18]. Again, it is uncertain whether clay minerals are involved in their formation.

3.2. Adsorption of amino acids by clay minerals

Clay minerals would be capable of adsorbing bio-organic molecules from the early ocean.
The resultant clay-organic complexes would partly be deposited on the ocean floor.

Greenland et al. (1962, 1965) investigated the interactions of various amino acids with H-,
Na-, and Ca-montmorillonites [19, 20]. Arginine, histidine, and lysine adsorbed to Na- and
Ca- montmorillonites by cation exchange. Other amino acids (alanine, serine, leucine,
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aspartic acid, glutamic acid, phenylalanine) adsorbed to H-montmorillonite by proton
transfer. The adsorption of glycine and its oligo-peptides by Ca-montmorillonite and Ca-
illite increased with the degree of oligomerization (molecular weight). Hedges and Hare
(1987) suggested that the amino and carboxyl groups of the amino acids were involved in
their adsorption to kaolinite [21], while Dashman and Stotzky (1982, 1984) reported that
kaolinite adsorbed less amino acids and peptides than did montmorillonite [22, 23].

Serpentine is a clay mineral, formed by the weathering of olivine and pyroxene. As such,
serpentine would be expected to occur on the surface of the early Earth. Serpentine,
however, has a limited capacity for taking up amino acids (Hashizume, 2007) although it
can adsorb measurable amounts of aspartic and glutamic acids [24]. On the other hand,
allophane can take up appreciable amounts of alanine [25]. The adsorption isotherms
showed three distinct regions as the (equilibrium) concentration (Ce) of alanine increased: a
nearly linear rise at low Ce, a leveling off to a plateau at intermediate Ce, and a steep linear
increase at high Ce. The oligomers of alanine were also adsorbed by allophane but the extent
of adsorption did not vary greatly with solute molecular weight [26].

3.3. Optical discrimination

Amino acids can exist in two enantiomeric (chiral) types, namely, D (dextrorotatory) and L
(levorotatory) (Figure 2). Both enantiomers would have formed, in equal amounts under
abiotic conditions, giving a racemic mixture with a D/L molar ratio of 1/1. The amino acids
in living organisms, however, are generally of the L-type. This finding is one of the
problems associated with the origins of life.

COOH COOH
R=—C C——R
VAT
2
L D NH2

mirror

Figure 2. D- and L-enantiomers (“mirror” images) of amino acids. R represents the side chain (Table 3).

The question arises whether clay minerals can discriminate between D- and L-amino acids
when placed in contact with a racemic mixture. Using Na-montmorillonite and a racemic
mixture of several amino acids, Friebele et al. (1981) did not observe any difference in
adsorption between the D- and L-enantiomers [27]. This finding is not altogether surprising
since clay minerals have no chirality in their bulk structures although the layer structure of
kaolinite may be chiral due to the presence and positioning of vacancies (Figure 3). The edge
surface of a montmorillonite layer may also be structurally chiral due to the presence of
defects. These chiral structures, however, are not individually separable.

197



198 Clay Minerals in Nature — Their Characterization, Modification and Application

®

mirror

Figure 3. Overlap of Al atoms in stacked layers of kaolinite. Black circles indicate occupied Al site, and
white circles indicate vacant Al sites [62].

On the other hand, quartz crystals are intrinsically chiral and, as such, can show stereo-
specific effects. Bonner et al. (1974), for example, found that L-quartz preferred L-alanine
to its D-enantiomer, while D-quartz adsorbed more D- than L-alanine. The difference in
preference was about 1%. Interestingly, Siffert and Naidja (1992) reported that
montmorillonite showed stereo-selectivity in the adsorption and deamination of aspartic
and glutamic acids. Likewise, Hashizume et al. (2002) reported that an allophane from
New Zealand, extracted from a volcanic ash soil, showed a clear preference for L-alanyl-L-
alanine over its D-enantiomer [30]. They suggested that the size, intramolecular charge
separation, and surface orientation of L-alanyl-L-alanine zwitterions combined to confer
‘structural chirality’ to the allophane-amino acid complex. Although the allophane sample
was purified before use, the presence of trace amounts of organic matter might have left a
chiral ‘imprint’.

3.4. Nucleic acid bases

Nucleic acids contain two purine bases (adenine, guanine), and three pyrimidine bases
(cytosine, uracil, thymine) (Figure 1). Uracil and thymine are found in RNA and DNA,
respectively.

Adenine could be prebiotically synthesized from hydrogen cyanide, and cytosine from
cyanoacetylene, while uracil could arise from cyanoacetylene via malic acid. Chittenden and
Schwartz (1976) reported that the addition of montmorillonite increased the rate of adenine
formation [32].

No nucleic acid bases were found in the Miller experiment [6]. Adenine was formed,
however, when a mixture of HCN and montmorillonite was added to the reaction vessel,
and exposed to lightning [15]. Similarly, uracil could be synthesized from CO, N2 and H20
by proton irradiation [17].
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3.5. Adsorption of nucleic acid bases by clay minerals

The adsorption of nucleic acid bases by montmorillonite has been widely investigated.
Lawless et al. (1984) and Banin et al. (1984) reported that the adsorption of adenosine
monophosphate (AMP) by montmorillonite, containing different exchangeable cations (Zn,
Cu, Mn, Fe, Ca, Co, Ni), generally increased as solution pH decreased [33, 34]. In the case of
Zn-montmorillonite, adsorption of 5-AMP reached a maximum at pH ~7. The extent of
adsorption was primarily influenced by the acid dissociation constant of the nucleic acid
base. Winter and Zubay (1995) investigated the relative ability of montmorillonite and
hydroxylapatite in adsorbing adenine and adenine-related compounds [35]. They found that
montmorillonite adsorbed more adenine than the other compounds (adenosine, 5'-AMP, 5'-
ADP, 5-ATP), while hydroxylapatite preferred adenosine phosphate to adenine and
adenosine. The extent of adsorption depended on solution pH, and might also be affected by
the buffer used.

More recently, Hashizume et al. (2010) investigated the adsorption of adenine, cytosine,
uracil, ribose, and phosphate by Mg-montmorillonite [36]. At comparable concentrations in
the equilibrium solution, adsorption decreased in the order adenine > cytosine > uracil,
while ribose was hardly adsorbed. Hashizume and Theng (2007) found that allophane had a
greater affinity for 5-AMP than for adenine, adenosine, or ribose [37]. Again, very little
ribose was adsorbed. The strong adsorption of 5'-AMP accords with the high phosphate-
retention capacity of allophane [38].

The adsorption of nucleic acid bases to clay mineral surfaces has also been assessed by
computer simulation. An ab initio study by Michalkova et al. (2011) suggests that uracil was
adsorbed perpendicularly to the kaolinite surface [39]. With montmorillonite, on the other
hand, nucleic acid bases tend to adsorb in a face-to-face orientation with respect to the basal
siloxane plane [40].

3.6. Sugar

Sugars may be synthesized from formaldehyde through the Formose reaction. Clay and
layered minerals (e.g., montmorillonite, brucite) can catalyze the self-condensation of
formaldehyde. Further, the sugar oligomers formed are stabilized by adsorption to
montmorillonite [41, 42].

4. Polymerization of bio-polymers

4.1. Peptides

Peptides are polymers of amino acids (Table 3; Figure 4). On the early earth, peptides may
have formed at places where energy is produced, such as thermal vents on the sea floor. The
primitive ocean may have contained small bio-molecules, including amino acids. As already
mentioned, clay minerals would have played an important role in concentrating and
polymerizing such molecules on their surfaces.
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HO-C-C-NH2 + HO-C-C-NH2

H H
om0

— HO-C-C-N-C-C-NH2 +H20
HH H

Figure 4. Polymerization of amino acids. Red indicates peptide bonding. R1 and R2 represent amino
acid side chains (Table 3).

According to the thermal vent model, organic molecules sink to the sea floor around a
thermal vent, and polymerize under conditions of high pressure and temperature [43]. The
polymers formed would then move away from the thermal vent. Imai et al. (1997) have
attempted to synthesize oligopeptides in a flow reactor, simulating a submarine
hydrothermal system [44]. Details of the instrumentation have been given by Matsuno
(1997) [45]. With glycine as the monomer, both di- and tri-glycine were formed. The effect of
metal cations on amino acid oligomerization was also investigated but that of clay minerals
has not been assessed.

The temperature of seawater on the early Earth is expected to be appreciably higher than
that at present, a condition that would favor organic molecule polymerization. The thermal
copolymerization of various amino acids (aspartic acid, glutamic acid, glycine, alanine,
leucine) has been reported by Fox and Harada (1958). Indeed, they were able to synthesize a
protenoid microsphere [46].

Plate tectonics would have been operative in the early Earth. When organic-rich sediments
moved into a trench where the temperature and pressure are higher than at the surface, the
water in the sediments would be depleted. As a result, the concentration of organic
molecules would increase, promoting their polymerization [47]. The synthesis of glycine
peptides with montmorillonite under trench-like hydrothermal conditions (5-100 MPa
pressure; 150 °C temperature) has been reported by Ohara et al. (2007) who obtained up to
10-mers of glycine [48].

Clay mineral particles on the beach undergo repeated drying and wetting, being dried at
low tide, and wetted at high tide. This condition would favor polymerization of the clay-
associated organic molecules. Using kaolinite and bentonite as the clay minerals, and
glycine as the organic species, Lahav et al. (1978) obtained measurable amounts of glycine
oligomers up to the 5-mer [49], as shown in Table 6. Ferris et al. (1996) obtained about 50-
mers of glutamic acid [50] by incubating (activated) glutamic acid with illite.

In a “shock” experiment, simulating collision of meteorite and asteroids with Earth, by
Blank et al. (2001) amino acids were polymerized into oligo-peptides (mostly dimers and
trimmers) [51].
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Cycles  Net heating Yields (nmol/mg clay)
No. period (days) Dimer Trimer Tetramer Pentamer
Kaolinite

11 33.7 2.27 0.45

21 55.0 1.99 0.79 0.29 trace
27 674 2.25 1.01 0.33 trace
33 77.3 221 0.83 0.32 trace
27 67.4 0.97 0.38 0.10 trace
27 674 1.31 0.55 0.15 trace
27 67.4 3.50 1.58 0.60 trace

Bentonite

11 32.8 6.37 0.20 n.d. n.d.
21 55.0 7.99 0.60 n.d. n.d.
27 67.4 4.92 0.61 trace n.d.
27 674 2.92 0.20 n.d. n.d.
27 67.4 12.7 1.90 trace n.d.

11 57.0 36.7 8.2 25

1 10.6 11.9 trace n.d.

5 25.4 26.9 1.9 n.d.

11 57.0 40.1 7.9 1.2 0.8

Table 6. Yields of glycine oligomers in the presence of kaolinite and bentonite, subjected to wetting and
drying cycles [49]. n.d. = not detected

4.2. Nucleotide polymers (RNA world)

One hypothesis concerning the origins of life involves the ‘RNA world’ in which RNA
molecules acted as both enzyme-like catalysts and genetic materials [52]. The four nucleic
acid bases in RNA have a complementary function. Thus. RNA would be able behave like
DNA, although uracil (U) and ribose were used in RNA instead of thymine (T) and
deoxyribose in DNA [53]. The molecule of RNA is composed of a nucleic acid base, ribose
and phosphate. Combination of a nucleic acid base with 1’-ribose gives rise to a nucleoside,
and the addition of phosphate at the 3’- and 5- positions of ribose yields a nucleotide
(Figure 1). RNA is therefore a polynucleotide.
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The clay-catalyzed synthesis of polynucleotides has been investigated by Ferris and
coworkers. Using the 5-phosphorimidazolide of adenine (ImpA) as the activated RNA
monomer, Ferris and Ertem (1993) were able to obtain oligomers containing 6—14 monomer
units in the presence of montmorillonite [54]. The formation of RNA oligomers, however, is
but the first step towards preparing RNA with more than 40 monomers that are
theoretically required for the initiation of the RNA world. Long-chain (elongated) RNA can
be obtained using the “feeding” procedure; that is, by daily addition of ImpA to the
decanucleotide (10-mer primer) adsorbed to Na-montmorillonite. Polynucleotides
containing more than 50-mers are formed after 14 feedings although the principal products
contain 20-40 monomer units [55]. Using activated adenosine-, uridine-, guanosine- or
cytosine-5'-phospho-1-methyladenine, Joshi et al. (2009) obtained the corresponding 40 to
50-mers [56].

5. Cell origin

Lipids make up part of the living cell (Table 4). In water lipids form a micelle structure
where that the outer hydrophilic part is in contact with water, and the hydrophobic part is
turned inside (Figure 5). The cell wall has a trans-membrane protein through which
nutrients enter the cell.

Hydrophilic group

Hydrophobic group

QX
@

Figure 5. Micelle structure. Hydrophilic group: phospate group, choline group, phosphocholine group
etc. Hydrophobic group: stearate, oleate, linoleiate etc.

Clay minerals might function as a primordial cell [4]. When clay minerals are deposited on
the ocean floor (or dried), the particles form a pile, enclosing small spaces (Figure 6). It is
conceivable that the small spaces behave like cells. Further, when clay minerals are
dispersed in water, bubbles form in water or the surface of water, while the clay particles
gather at the boundary between water and air, as shown in Figure 7 [57]. In such a case, clay
minerals make a cell-like spherule.
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——  Water
Cl i |
IClay mineral | —

Deposition ¢ Drying

Figure 6. Schematic figure of the room (green) to function like the cell. Clay mineral layers were
dispersed in water and then dry water but small rooms play the role like the cell [4].

Bublle

Clay mineral

Figure 7. Schematic figure of a bubble shape sheet clay mineral micelle [57].

Unlike surfactants, lipids are difficult to synthesize. Surfactants may transform into lipids.
Apatite has been reported to be capable of catalyzing the formation of a proto-lipid [58].



204 Clay Minerals in Nature — Their Characterization, Modification and Application

6. Conclusions

This article describes the role of clay minerals in chemical evolution although various
other materials in the early Earth would have participated in the formation of life-like
structures. Most experiments related to the origins of life on Earth use specific clay
minerals, such as montmorillonite and kaolinite. Volcanic rocks from the magma ocean
would be enriched in Mg? ions. On this basis, we have investigated the interactions of
Mg-rich clay minerals (e.g., talc, serpentine) with organic molecules, including bio-organic
compounds. It is further suggested that the atmosphere of the early Earth contained little
oxygen. This condition would be conducive to the formation of Fe?-rich clay minerals
which, therefore, might have played an important part in the synthesis of simple bio-
organic molecules.

Besides being able to concentrate organic molecules, clay minerals can also control the
surface arrangement of adsorbed nucleic acid bases or amino acids. By using a mixture of
different clay mineral species, it may be possible to select a given bio-molecule over another
for adsorption and polymerization. Although there is an element of trial and error in
investigating the role of clay minerals in chemical evolution and the origins of life, we may
yet be surprised by the outcome.

Author details

Hideo Hashizume
National Institute for Materials Science, Tsukuba, Japan

Acknowledgement

We thank the editor Dr. M. Valaskova and the co-editor Dr. G. S. Martynkova for a chance to
write this review. We also thank Dr. B. K. G. Theng (Landcare Research, New Zealand) for
useful discussions and polishing English.

7. References

[1] Oparin A. I (1938) The Origin of Life. New York: MacMillan. (Orginal: (1924)
Proiskhozhdenie zhizny. Moscow: Izd. Moskovski Rabochii.

[2] Haldane J. B. S (1929) The Origin of Life. The Rationalist Annual 148: 3-10.

[3] Bernal]. D (1951) The Physical Basis of Life. London: Routledge and Kegan Paul. 364p.

[4] Cains-Smith A. G (1982) Genetic Takeover. Cambridge: Cambridge University Press.
133p.

[5] Urey H. C (1952) On the Early Chemical History of the Earth and the Origin of Life.
Proc. Nat. Acad. Sci. USA 38: 351-363.

[6] Miller S. L, Urey H.C (1959) Organic Compound Synthesis on the Primitive Earth.
Science 130: 245-251.



(7]

(8]

(%]

Role of Clay Minerals in Chemical Evolution and the Origins of Life 205

Taylor S. R, Norman M. D (1990) Accretion of Differentiated Planetesimals to the Earth.
in Newsom H. E, Jones J. R, editors, Origin of the Earth. New York: Oxford University
Press, pp. 29-43.

Davies G. F (1990) Heat and Mass Transport in the Early Earth. in Newsom H. E, Jones
J. R, editors, Origin of the Earth. New York: Oxford University Press, pp. 175-194.
Levine J. 5, Augustsson T.R, Natarajan M (1982) The Prebiological Paleoatmosphere:
Stability and Composition. Origin Life 12: 245-259.

[10] Owen T (2008) The contributions of Comets to Planets, Atmospheres, and Life: Insights

from Cassini-Huygens, Galileo, Gitto, and Inner Planet Missins. Space Sci. Rev. 138:
301-316.

[11] Chyba C, Sagan C (1992) Endogenous Production, Exogenous Delivery and Impact-

Shock Synthesis of Organic Molecules: an Inventory for the Origins of Life. Nature 355:
125-132.

[12] Bristow T. F, Milliken R.E (2011) Terrestrial Perspective on Authigenic Clay Mineral

Production in Ancient Martian Lakes. Clays Clay Miner. 59: 339-358.

[13] Shimoyama A, Blair N, Ponnamperuma C (1978) Synthesis of Amino Acids under

Primitive Earth Conditions in the Presence of Clay. In Noda N. H editor, Origin of Life.
Tokyo: Center for Academic Publisher, pp. 95-99.

[14] Miller S. L (1953) A Production of Amino Acids under Possible Primitive Earth

Conditions. Science 117: 528-529.

[15] Yuasa S (1989) Polymerization of Hydrogen Cyanide and Production of Amino Acids

and Nucleic Acid Bases in the Presence of Clay Minerals —In Relation to Clay and the
Origin of Life. Nendo Kagaku 29: 89-96 (in Japanese).

[16] Marshall W. L (1994) Hydrothermal synthesis of amino acids. Geochim. Cosmochim.

Acta 58: 2099-2106.

[17] Kobayashi K, Tsuchiya M, Oshima T, Yanagawa H (1990) Abiotic Synthesis of Amino

Acids and Imidazole by Proton Irradiation of Similated Primitive Earth Atmospheres.
Origin Life 20: 99-109.

[18] Sandford S. A, Pendleton Y. ], Allamandola L. J (1995) The Galactic Distribution of

Aliphatic Hydrocarbons in the Diffuse Interstellar Medium. Astrophys. J. 440: 697-705.

[19] Greenland D. ], Laby R. H, Quirk J. P (1962) Adsorption of Glycine and Its Di-, Tri-, and

Tetra-Peptides by Montmorillonite. Trans. Farad. Soc. 58: 829-841.

[20] Greenland D. ], Laby R. H, Quirk J. P (1965) Adsorption of Amino-Acids and Peptides

by Montmorillinite and Illite. Trans. Farad. Soc. 61: 2024-2035.

[21] Hedges ]. I, Hare P. E (1987) Amino Acid Adsorption by Clay Minerals in Distilled

Water. Geochim. Cosmochim. Acta 51: 255-259.

[22] Dashman T, Stotzky G, (1984) Adsorption and Binding of Peptides on Homoionic

Montmorillonite and Kaolinite. Soil Biol. Biochem. 16: 51-55.

[23] Dashman T, Stotzky G (1982) Adsorption and Binding of Amino Acids on Homoionic

Montmorillonite and Kaolinite. Soil Biol. Biochem. 14: 447-456.

[24] Hashizume H (2007) Adsorption of Some Amino Acids by Chrysotile. Viva Origino 35:

60-65.



206 Clay Minerals in Nature — Their Characterization, Modification and Application

[25] Hashizume H, Theng B. K. G (1999) Adsorption of DL-Alanine by Allophane: Effect of
pH and Unit Particle Aggregation. Clay Minerals 34: 233-238.

[26] Hashizume H, Theng B. K. G (1998) Adsorption of L-Alanine Monomer, Dimer,
Tetramer, Pentamer by Some Allophanes In: Arehart G.B. Hulston J.R editors, Proc. 9th
Intern. Symposium Water-Rock Interaction Rotterdam: A.A. Balkema. pp.105-107

[27] Friebele E, Shimoyama A, Hare P. E, Ponnamperuma C (1981) Adsorption of Amino
Acid Entantiomers by Na-Montmorillonite. Origin Life 11: 173-184.

[28] Bonner W. A, Kavasmaneck P. R, Martin F. S (1974) Asymmetric Adsorption of Alanine
by Quartz. Science 186: 143-144.

[29] Siffert B, Naidja A (1992) Stereoselectivity of Montmorillonite in the Adsorption and
Deamination of Some Amino Acids. Clay Minerals 27: 109-118.

[30] Hashizume H, Theng B. K. G, Yamagishi A (2002) Adsorption and Discrimination of
Alanine and Alanyl-Alanine Enantiomers by Allophane. Clay Minerals 37: 551-557.

[31] Fraser D. G, Greenwell H. C, Skipper N. T, Smalley M. V, Wilkinson M. A, Demé B,
Heenan R. K (2011) Chiral Interactions of Histidine in a Hydrated Vermiculite Clay.
Phys. Chem. Chem. Phys. 13: 825-830.

[32] Chittenden G. J. F, Schwartz A.W (1976) Possible Pathway of Prebiotic Uracil Synthesis
by Photodehydrogenation. Nature 263: 350-351.

[33] Lawless J. G, Banin A, Church F. M, Mazzurco ], Huff R, Kao J, Cook A, Lowe T,
Orenberg J. B (1985) pH Profile of the Adsorption of Nucleotides onto Montmorillonite
I. Selected Homoionic Clays. Origin Life 15: 77-87.

[34] Banin A, Lawless ]J. G, Mazzurco ], Church F. M, Margulies L, Orenberg J. B (1985) pH
Profile of the Adsorption of Nucleotides onto Montmorillonite II Adsorption and
Desorption of 5'-AMP in Iron-Calcium Montmorillonite System. Origin Life 15: 89-101.

[35] Winter D, Zubay G (1995) Binding of Adenine and Adenine-Related Compounds to the
Clay Montmorillonite and the Mineral Hydroxylapatite. Origin Life Evol. Biosphere 25:
61-81.

[36] Hashizume H, van der Gaast S, Theng B. K. G (2010) Adsorption of Adenine, Cytosine,
Uracil, Ribose, and Phosphate by Mg-exchanged Montmorillonite. Clay Minerals 45:
413-419.

[37] Hashizume H, Theng B. K. G (2007) Adenine, Adenosine, Ribose and 5-AMP
Adsorption to Allophane. Clays Clay Miner. 55: 599-605.

[38] Theng B. K. G, Russell M, Churchman G. ], Parfitt R. L (1982) Surface Properties of
Allophane, Halloysite, and Imogolite. Clays Clay Miner. 30: 143-149.

[39] Michalkova A, Robinson T. L, Leszezynski J (2011) Adsorption of Thymine and Uracil
on 1:1 Clay Mineral Surfaces: Comprehensive Ab Initio Study on Influence of Sodium
Cation and Water. Phys.Chem. Chem. Phys. 13: 7862-7881.

[40] Mignon P, Ugliengo P, Sodupe M (2009) Theoretical Study of the Adsorption of
RNA/DNA Bases on the External Surfaces of Na*-Montmorillonite. ]J. Phys. Chem. C
113: 13741-13749.

[41] Gabel N. W, Ponnamperuma C (1967) Model for Origin of Monosaccharides. Nature
216: 453-455.



Role of Clay Minerals in Chemical Evolution and the Origins of Life 207

[42] Saladino R, Neri V, Crestini C (2010) Role of Clays in the Prebiotic Synthesis of Sugar
Derivatives from Formamide. Philos. Mag. 90: 2329-2337.

[43] Mulkidjanian A. Y, Bychkov A. Y, Dibrova D. V, Galperin M. Y, Koonin E. V (2012)
Origin of First Cells at Terrestrial, Anoxic Geothermal Fields. PNAS:
http://www.pnas.org/cgi/doi/10.1073/pnas.1117774109. Accessed 2012 Jan 20.

[44] Imai E. - I, Honda H, Hatori K, Matsuno K (1997) Autocatalytic Oligopeptide Synthesis
in a Flow Reactor Simulating Submarine Hydrothermal Vents. Viva Origino 25:
291-295.

[45] Matsuno K (1997) A Design Principle of a Flow Reactor Simulating Prebiotic Evolution.
Viva Origino 25: 191-204.

[46] Fox S. W, Harada K (1958) Thermal Copolymerization of Amino Acids to a Product
Resembling Protein. Science 128: 1214.

[47] Nakazawa H, Yamada H, Hashizume H (1993) Origin of Life in the Earth’s Crust, a
Hypothesis: Probable Chemical Evolution Synchronized with the Plate Tectonics of the
Early Earth. Viva Origino 21: 213-222 (In Japanese with English abstract).

[48] Ohara S, Kakegawa T, Nakazawa H (2007) Pressure Effects on the Abiotic
Polymerization of Glycine. Origin Life Evol. Biosphere 37: 215-223.

[49] Lahav N, White D, Chang S (1978) Peptide Formation in the Prebiotic Era: Thermal
Condensation of Glycine in Fluctuating Clay Environments. Science 201: 67-69.

[50] Ferris J. P, Hill Jr. A. R, Liu R, Orgel L. E (1996) Synthesis of Long Prebiotic Oligomers
on Mineral Surfaces. Nature 381: 59-61.

[51] Blank J. G, Miller G. H, Ahrens M. ], Winans R. E (2001) Experimental Shock Chemistry
of Aqueous Amino Acid Solution and the Cometary Delivery of Prebiotic Compounds.
Origin Life Evol. Biosphere 31: 15-51.

[52] Cech T. R (1986) A Model for the RNA-Catalyzed Replication of RNA. Proc. Nat. Acad.
Sci. USA 83: 4360-4363.

[53] Gilbert W (1986) The RNA World. Nature 319: 618.

[54] Ferris J. P, Ertem G (1993) Montmorillonite Catalysis of RNA Oligomer Formation in
Aqueous Solution. A Model for the Prebiotic Formation of RNA. J. Am. Chem. Soc. 115:
12270-12275.

[55] Ferris, J. P, Hill Jr. A. R, Liu R, Orgel L. E (1996). Synthesis of Long Prebiotic Oligomers
on Mineral Surfaces. Nature 381: 59-61.

[56] Joshi P. C, Aldersley M. F, Delano J. W, Ferris J. P (2009) Mechanism of Montmorillonite
Catalysis in the Formation of RNA Oligomers. J. Am. Chem. Soc. 131: 13369-13374.

[57] Subramanian A. B, Wan ], Gopinath A, Stone H. A (2011) Semi-Permeable Vesicles
Composed of Natural Clay. Soft Matter 7: 2600-2612.

[58] Ourisson G, Nakatani Y (1998) Molecular Evolution and Origin of Biomembranes.
Protein Nucleic Acid Enzyme 43: 1953-1962 (in Japanese).

[59] Henderson P (1982) Inorganic Geochemistry. Oxford: Pergamon Press, 353p.

[60] National Atronomical Observatory (2000) Rika Nenpyo (Chronological Scientific Table
2000) Tokyo:Maruzen Co. Ltd. p. 167.



208 Clay Minerals in Nature — Their Characterization, Modification and Application

[61] Vote D, Vote ]. G (1990) Biochemistry New York: John Wiley & Sons. (Translated into
Japanese by Tamiya N, Muramatsu M, Yagi T, Yoshida H (1992) Vote Seikagaku (Jo),
Tokyo: Tokyo Kagaku Dojin, 546p.

[62] The Clay Science Society of Japan (2009) Handbook of Clays and Clay Minerals, 3rd
edition. Tokyo:Gihodo. pp. 28-35 (in Japanese).



Chapter 11

Vermiculite:
Structural Properties and Examples of the Use

Marta Valaskova and Grazyna Simha Martynkova
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51237

1. Introduction

The effort to clarify the meanings of the terms ‘clay’, ‘clays’, and ‘clay minerals’ was the
subject of the joint nomenclature committees (JNCs) of the Association Internationale pour
I’Etude des Argiles (AIPEA) and the Clay Minerals Society (CMS). The JNCs have proposed
the term a class of hydrated phyllosilicates forming the fine-grained fraction of rocks,
sediments, and soils and have defined ‘clay’ as “‘a naturally occurring material composed
primarily of fine-grained minerals, which is generally plastic at appropriate water contents
and will harden when dried or fired” [1]. According to this definition synthetic clays and
clay-like materials are not regarded as clay even though they may be fine grained, and
display the attributes of plasticity and hardening on drying and firing.

For phyllosilicates, the terms “planes”, “sheet” and “layer’” refer to specific parts of the
structure, with atomic arrangements that increase in thickness and they cannot be used
interchangeably [2,3].

A “plane’ can occur consisting of one or more types of atoms (e.g. a plane of Si and Al atoms,
a plane of basal oxygen atoms).

A “tetrahedral sheet’ is composed of continuous corner-sharing tetrahedra like “octahedral
sheet’ is composed of the edge-sharing octahedra.

A ’layer’ contains one or more tetrahedral sheets and an octahedral sheet.

“Interlayer material’ separates the layers and generally may consist of cations, hydrated
cations, organic materials, and/or hydroxide octahedral sheets. In certain cases (e.g. talc,
pyrophyllite) there is no interlayer material, and thus an empty interlayer separates the
layers.

I NT EC H © 2012 Valaskova and Martynkova, licensee InTech. This is a paper distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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Layer charge (x) per half unit cell (p.fu.), is the net negative charge per layer, expressed as a positive
number (eq/(Si,Al)4010). The net negative layer charge arises from substitution of AI**for Si* in
tetrahedra and substitution for lower charge cations in octahedra and from the presence of
vacancies. The negative layer charge is balanced by the positively charged interlayer material.

A ‘unit structure’ is the total assembly and includes the layer and interlayer material.
Therefore it is inappropriate to refer to a ‘tetrahedral layer’ or an ‘octahedral layer’, although
these incorrect terms are commonly found in the literature.

Guggenheim et al [4] give the revised classification scheme for planar hydrous phyllosilicates
(5]

The phyllosilicates are divided by layer type, and within the layer type, and by groups
based on charge p.f.u. Further subdivisions by subgroups is based on dioctahedral or
trioctahedral character, and finally by species based on chemical composition. Two types of
layers, depending on the component sheets are a ‘1:1 layer’ consisting of one tetrahedral
sheet and one octahedral sheet, and a “2:1 layer’ containing an octahedral sheet between two
opposing tetrahedral sheets.

The structure of 2:1 phyllosilicates is composed of tetrahedral (T) and octahedral (O) sheets
(Fig. 1). According to the AIPEA Nomenclature Committee [4], tetrahedral sheet is composed of
continuous two-dimensional corner-sharing tetrahedra [TO4]* involving three basal oxygens
and the apical oxygen. The tetrahedral sheet has a composition of [T4«Ow]* where T = Si*, A%,
Fe*. The apical oxygens form a corner of the octahedral coordination unit around larger
octahedral cations. The octahedral sheet consists of two planes of closely packed O%*, OH- anions
of octahedra with the central cations Mg?* or AI*. The smallest structural unit contains three
octahedral sites. The trioctahedral structures of phyllosilicates have all three sites occupied with
cations (e.g. hydroxide sheet Mgs(OH) ;™ ). The dioctahedral phyllosilicates have two octahedral
sites occupied with cations (e.g. hydroxide sheet, Als(OH) ;" ) and one site is vacant.

Smectites are 2:1 phyllosilicates with a total (negative) layer charge between 0.2 and 0.6
p.fu.. The octahedral sheet may either be dominantly occupied by trivalent cations
(dioctahedral smectites) or divalent cations (trioctahedral smectites).
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Figure 1. Model of the structure of vermiculite from Brazil; (with courtesy of dr. Jonas Tokarsky).
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Vermiculites are generally trioctahedral and are termed (according to the joint nomenclature
committees AIPEA and CMS) on the basis of a negative layer charge, which is between 0.6
to 0.9 p.f.u. [4,7,8]. The negative layer charge of vermiculites results from the substitution of
Si** by trivalent cations in tetrahedral positions [9,10]. Vermiculites were mostly formed by
removal of potassium from biotite, phlogopite or muscovite [5,6] and therefore vermiculite
chemistry from this perspective is closely linked to that of mica. The thickness of the
structural unit (2:1 layer and interlayer space) is about 1.4 nm, depending on the water
interlamellar layers and the interlayer cations. Bailey [9] and Lagaly [10] described a method
to determine the layer charge based on the measurement of basal spacings after exchange
with alkylammonium cations of varying chain lengths. Alkylammonium ions in the
interlayer spaces of vermiculite acquire distinct arrangements: monolayer and two-layer
(bilayer) structures with the alkyl chains parallel to the surface, pseudotrimolecular layers
and paraffin type structures. Vermiculites have paraffin-type interlayers if the layer charge
is at least 0.75 p.f.u.

The identification of trioctahedral and dioctahedral vermiculites is based on the position of
reflection (060) on their XRD patterns. Dioctahedral vermiculites show an interlayer space
value d(060) between 0.149 nm and 0.150 nm, while trioctahedral vermiculites have d(060)
between 0.151 nm and 0.153 nm [11].

The cation exchange capacity (CEC) of clay minerals is defined as “the quantity of cations
available for exchange at a given pH expressed in meq/100g which is equivalent to
cmol(+)/kg [13]. The CEC varies between the 120 and 200 cmol+/kg (air dried vermiculites)
or 140 and 240 cmol(+)/kg (dehydrated vermiculites) [14,15]. Water molecules associated
with internal surfaces evokes hydration of interlayer cations. The total amount of
alkylammonium ions bound by 2:1 clay minerals is often slightly higher than the total CEC
determined by other methods [16]. This is a consequence of the charge regulation at the
edges. Density of the charges at the crystal edges depend on the pH of the dispersion and
arises from adsorption or dissociation of protons. In an acidic medium an excess of protons
creates positive edge charges, the density of which decreases with rising pH. Negative
charges are produced by the dissociation of silanol and aluminol groups [17,18].

Vermiculite structures contain water interlamellar layers which are subjected to the
hydration and dehydration processes [19-26]. The hydration properties are controlled by the
interlayer cations Mg? and minor amounts of Ca?, Na*, and K*. The cation radius and
charge influence the degree of hydration state in the interlayer and the stacking layer
sequences [9,15,19,22,28]. The hydration state of vermiculite was defined by the number of
water layers in the interlayer space. The basal space of Mg-vermiculite was declared 0.902
nm for zero-water layer, 1.150 nm for one-water layer and 1.440 nm for two water layer
hydration state [29].

Ordering in vermiculite layered structure occurs when the pseudohexagonal cavities (made
of six-membered tetrahedra rings) are facing each other in adjacent tetrahedral layers. In
most cases the vermiculites have various possible layer-stacking sequences and therefore the
regular arrangement of the layers in vermiculites occurs rarely [30-33].
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Criteria for defining the degree of regularity of alternation of different layer types (e.g. 1:1 or 2:1
layers) were recommended in criteria for interstratification nomenclatures [4,12].

The structure of vermiculite is called semi-ordered when the transition from a layer to the
next layer can be obtained in two or more different ways. For semi-ordered stacks the
reciprocal space cannot be described by a set of hkl indexes but rather by modulated
reciprocal hk with the variable intensity along them [15]. The regular alterations of 1.150
and 0.902 nm domains can create the regular interstratification with d = 2.060 nm. Collins et
al. [21] studied the variability in d values of the basal spacings of vermiculite from Llano
(Texas). Authors assigned interlayer values d = 1.04-1.03 nm to the interstratified one-zero
layer hydrate and the value d = 1.28 nm as random interstratified phase of two- and one-
layer hydrates. The X-ray diffraction patterns of the South African raw vermiculite with
high potassium content in the interlayer space (Koss) showed the value d = 1.45 nm
corresponding to the vermiculite and additional peaks with d =2.52 nm, d = 1.26 and 1.205
nm, which were attributed to a biotite-vermiculite mixed-layer mineral [34]. Reichenbach
and Beyer [22] evaluated two superstructures formed by a regular 1:1 interstratification.
One of them with d =2.541 nm as a result of the altering layers with d = 1.376 and 1.165 nm.
Other superstructure with the value d = 2.153 nm was assigned to the altering layers
1.151nm and 1.002 nm. The hydrated states and interstratified phases in the vermiculites
from Sta. Olalla (Spain), Paulistana (Brazil), Palabora (South Africa) and West China
described Marcos et al. [25, 26]. Authors came to the founding that vermiculite from China
consists of alternating mica layers (d = 1.02 nm, zero-water layer hydration) with
vermiculite layers (d = 1.47 nm, two-water layer hydration) and two-one layer hydration
interstratification with d = 1.21 nm.

The structural formula of vermiculites is often reported on the basis of the structure unit
(half unit-cell content). The general formula can be written as:

X4 (Y23) O1w0 (OH)2M . n H20,

where M is exchangeable (Mg?, Ca?, Ba?*, Na*, K*) cations positioned in the interlayer space,
that compensate negative layer charge, Y is octahedral Mg?,Fe? or Fe*, AlI*, and X is
tetrahedral Si, Al.

The half unit cell compositions of vermiculites given in literature are listed below for
comparison.

(Sizs6 Al1.14)(Mg2.s3Alo1sFe30.02 JOro(OH)2 Mgoat - 3.72 H20 (Llano), [9]
(Si272 Al128)(Mgz3sAlo.1sFe 058)O10(OH)2 Mgos2 - 4.32 H20 (Kenya), [19]

(Si272 Alv2s)(Mgp.s9Fe? .03 AloosFe®*0.24 Tio.08)O10(0OH)2 Mgose Cao.z 4.7 H20 (Santa Olalla, Spain),
[15]

(Siz64Al1.36)(Mg248 Fe?0.04 Alo.14 Fe*032Ti0.01tMno.o1)O10(OH)2 Mgo.4 (Santa Olalla, Spain), [35]
(Size9Al131)(Mg2asFe>*0.324Fe?*0.036 Alo.14 Tio.o1 Mno.o1)O10(OH)2Mgoa9, (Santa Olalla, Spain), [57]
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(Sizs3Al117) (Mgzo1Alo2Fe?*0.16 Fe3*0.40 Tio.14)O10(OH)2Mgo235 (Ojen, Spain), [35]
(Sizs3Al117)(MgzoFe**04Fe?0.16Alo2Tioa2) O10(OH)2Mgo.275 (Ojen, Spain), [57]

(Sizes Ali3s)(Mg238Fe?*0.02Alo0sFe®0.51Ti0.03)O10(OH)2 Mgoss CaooiNaoorr 4.9 H20 (Letovice, Czech
Republic), [28].

(Siz02Aloss) (Mg227Alo.12Fe® 0.8 Fe?*0.05Ti0.07)O10(OH)2Cao.09Na0.21Kos0 (West China), [36].

(Sis02AlossTio0sFe0.14) (Mg2s0Fe?0.38Fe3*0.09) O10(OH, F)2Bao29Ko.14Cao0s (Palabora, South Africa),
[37].

(Sisaz Alosr)(Alo2s Feos2 Mgz.34) O10(OH)2 Caoos4Nao.o16Koos7 ( Brazil), [38].

2. Obtaining vermiculite small particles

Natural vermiculite flakes are characterized by high values of aspect ratio. In clay science,
exfoliation involves a degree of separation of the layers of a host structure where units, either
individual layers or stacking of several layers, are dispersed (freely oriented and
independent) in a solvent or polymer matrix [39]. This may be achieved by intercalation, by
mechanical procedures, or by other methods. Exfoliation implies that the orientation
between the layers of the host structure is lost, and that interlayer cohesive forces are
overcome. If delamination or exfoliation cannot be distinguished, the terms “intercalation”
or “delamination/exfoliation” should be use [40].

Delamination is a term used to describe a layer-separation process between the planar faces
of adjacent layers of a particle. Delamination describes a process where intercalation occurs:
guest material introduces between the layers while the stacking of layers remains. When
delamination cannot be distinguished from exfoliation, the terms “intercalation” or
“delamination/exfoliation” should be use to describe the process [40].

Intercalation is a general term to describe the movement of atoms, ions or molecules into a
layered host structure, often a swelling clay mineral. The resulting structure is an
“intercalated structure” [40].

Exfoliated vermiculite can be produced either by a thermal or a chemical treatment. Heating
a particle of vermiculite rapidly above about 200 °C results in the transformation of the
interlayer water into steam. The thermal shock is the best-known procedure for dissociating
the macroscopic packet of vermiculite [41]. The pressure of the steam separates silicate
layers to the several orders thicker than were the fundamental layers. Such exfoliated
particles exhibit the “accordion” type morphology. The large thermal expansion of the
vermiculite after explosive dehydration of interlayer water causes cracking of vermiculite
flakes. This exfoliation generates a 10 to 20 times volume expansion but the basal
dimensions of the particles are unchanged [42]. This exfoliation is associated with a sudden
release of water molecules between the silicate layers and also the hydroxyl water gradually
releasing on heating from about 500 to 850°C [44]. The water rapidly vaporized cause a
disruptive effect upon the particles, in industry called exfoliation. Several authors have
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found that the presence of the mixed-layer vermiculite—-mica or mixed-layer minerals phases
containing vermiculite in different hydration states contributed to the exfoliation of
vermiculites [26,45,46].

Preparation of submicron-sized vermiculites is usually accomplished by applying wet and
dry grinding [47].

Progressive amorphization and agglomeration of vermiculite particles takes place when
grinding time increases [48].

Vermiculite can be also delaminated using the mechanical shearing force [49,50].

Balek et al.[51] found that vermiculite from Santa Olalla after grinding for 2 min increased
specific surface area from 1 m?g?! to 39 m?g!. Prolongation of grinding time to 10 min led to
the formation of amorphous phase and the surface area decrease to 20 m?g?. The
thermogravimetry measurement recorded different thermal behavior of original and milled
vermiculite samples. Original vermiculite showed two dehydration steps after heating up to
250°C and one dehydroxylation step at 900°C. The grounded sample showed no such steps
but dehydration was observed as continuous mass loss from 50 to 350°C and
dehydroxylation was completed at 800°C.

Ultrasound is an alternative method for reduction of the particle size using treatment by high
power. The ultrasound caused delamination and particle size reduction not only along the
basal planes but also in different directions [52-55]. Péréz-Maqueda et al. [56] compared
vermiculites after the grinding and ultrasonic treatments. According to authors, the
sonication resulted in particle size reduction and particles retained the plate-like
morphology of the original vermiculite. The prolonged grinding caused the loss of long-
range order, crystallinity and agglomeration of the particles. The edges of vermiculite
particles were changed and allowed easier access nitrogen during measurements and
therefore yielding surface areas larger than those expected only from the particle size
reduction. The ultrasound on the high-and low-charge vermiculites studied also Wiewiora
et al. [35]. A high-charge vermiculite from Santa Olalla (0.88 p.f.u.) preserved the flake
shape, whereas the low-charge vermiculite from Ojén (0.47 p.f.u.) displayed scrolling of the
flakes into tubes. Sonication differently influenced the specific surface area and increased
from the 1 m2g™ at the raw samples to 36 and 54 m? g at high-charged and low-charged
vermiculites, respectively.

The particle size reduction by sonication may be accompanied by a change of the redox state
and the layer charge of the material. Sonication in a 1:1 mixture (volume ratio) of water and
hydrogen peroxide (30% H20z) is a soft method for particle size reduction of phyllosilicate
minerals like vermiculites [57]. The oxidation state of the iron in the high-charge vermiculite
from Santa Olalla and the low-charge vermiculite from Ojén was found different. In spite
that the chemical composition of vermiculites is similar (see unit half cell composition
formulas), the layer charge is different 0.78 and 0.52 p.f.u. for the Santa Olalla and Ojén
vermiculite, respectively. Both of the original vermiculites had the specific surface area 1
m?gl. The area in Ojén-vermiculite increased to 51 m?g-! after eight cycles of sonication in
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water and after the same numer of sonication cycles in an aqueous 15% H20: to 54 m2g.
The surface area of the Santa Olalla vermiculite after six cycles of sonication was smaller and
decreased to the 36 m?g! after sonication in hydrogen peroxide and 38 m?g!in water. In both
vermiculites, one cycle of sonication provided by half greater value increase in the surface
area in water in comparison with sonication in hydrogen peroxide. This difference
disappeared after three cycles of sonication. Authors stated that delamination by sonication
plays a significant role in particle size reduction and in the increase of the surface areas only
after a short time. The pH during sonication in water 6.5 increased after three cycles to 7.5-8
and in hydrogen peroxide from 3.7 to 6.5. After sonication no structural change in Santa
Olalla vermiculite was observed in comparison with the Ojén-vermiculite. Whereas the ratio
Fe3*/Fewtal was found almost constant in the Santa Olalla vermiculite, it increased from 0.79
to 0.85 in case of the Ojén sample together with a decrease of the layer charge.

A strong hydrogen peroxide concentration (up to 50 %) for exfoliation vermiculite was used by
Obut and Girgin [58] and Uggiil and Girgin [59]. Authors interpreted the exfoliation
mechanism by a hydrogen peroxide penetration into the interlayer spaces and its
decomposition with evolution of atomic oxygen. These interactions disrupt the electrostatic
equilibrium between the layers and the interlayer cations. Weiss et al. [60] studied exfoliation
of Mg-vermiculite after thermal, microwave and/or hydrogen peroxide treatments. A
stronger than hydrogen peroxide oxidation agent potassium persulfate (K25:0s) used Matéjka
et al. [61] to delaminate/exfoliate Mg-vermiculite. The vermiculite treatment with potassium
persulfate solution caused a collapse of the layered structure at considerably lower molar
concentration in comparison to treatment using hydrogen peroxide solution.

Kehal et al. [62] modified vermiculite from Palabora by the combination of the thermal
shock (700°C), chemical exfoliation (80°C in the presence of H20O2) and ultrasonic treatments
(20 kHz, H20 or H202) to improve the adsorption of boron. Authors found that only 1 h
treatment of vermiculite in ultrasound and 35 wt.% H202 produced small particles of
drastically decreased density from 1.026 g cm™ for raw vermiculite to about 0.23 g cm™.
Furthermore, it was found by acido-basic titrations, that breaking of the particles by 20 kHz
sonication induced the generation of OH groups on the edges of the layers which acted as
active adsorption sites.

3. Vermiculite particles as carrier of silver nanoparticles

The negative surface charge that results from the ion substitution or from the site vacancies
at the tetrahedral and/or octahedral sheets predetermined the use of layered 2:1
phyllosilicates as substrates for the growth of metallic nanoparticles. Uncompensated
charges occur at the broken edges of the clay mineral layers, predominantly at the hydroxyl
groups. The cations like AI** or Fe*, which typically occupy the octahedral positions, remain
at the crystal edges, i.e. at the Lewis acid sites, where they coordinate water molecules. The
exchangeable cations between the layers (at the Bronsted acid sites) compensate the negative
charge and may be easily exchanged by other metal cations [63,64]. The reduction of the
metal cations on the clay minerals matrix initiates the growth of nanoparticles preferably on
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the surface, because the interlamellar space of clay minerals limits the particle growth [65-
70].

The metal nanoparticles are investigated in the function of biosensors, label for cell and
cancer therapeutics. The silver nanoparticles have shown to be a promising antiviral
material. The strong toxicity of several silver compounds to a wide range of microorganisms
is well known. Silver acts as catalyst of the oxidation of the microorganisms, which leads to
the disruption of electron transfer in bacteria [71,72]. Silver offers sufficiently small
repulsion to oxygen, thus only a small amount of thermal energy is required to move the
atomic oxygen readily through its crystal lattice [73]. Monovalent silver ions have a high
affinity to sulfhydryl (-S-H) groups in bacteria cells. The resulting stable -5-Ag bonds
inhibit the hydrogen transfer and prevent the respiration and the electron transfer. After
exposing silver containing molecular oxygen to aqueous media, the molecular oxygen reacts
quickly with sulfhydryl (-5-H) groups on the surface of bacteria and replaces hydrogen
[74]. Silver nanoparticles exhibit cytoprotectivity towards HIV-1 infected cells [75]. The
biological distribution as well as the potential toxicity of silver nanoparticles on the
montmorillonite substrate was studied using Swiss mice [76]. The animal study
demonstrated that the Ag-montmorillonite was nontoxic, showed no immune response,
exhibited increased blood half-life and neurotransmission. Based on the study authors noted
that Ag-montmorillonite enables diverse applications in life sciences such as drug
development, protein detection and gene delivery for any organs, lungs and brain in
particular.

The catalytic activity of silver particles depends on their size, shape and the size distribution
as well as chemical-physical environment [77, 78].

Silver nanoparticles, size about 2 nm, were usually prepared by chemical reduction from
silver nitrate under ultraviolet irradiation [79]. Another method employed reduction with
sodium borohydride [80]. During this reaction, irregular silver nanoparticles with the size
between 1.5 and 2.5 nm nucleate first. This rapid nucleation was followed by the growth of
these nuclei into aggregates of circular particles with the size of approximately 12-16 nm.
Several approaches have been investigated to prepare silver nanoparticles with well-defined
size and morphology. The available free-network spaces between hydrogel networks helped
to grow and to stabilize the nanoparticles [81-86].

The antibacterial activity of silver-montmorillonite and copper-montmorillonite studied
Magana et al. [87]. The authors stated that the overall antibacterial effect was related to the
surface characteristics of the sample and to the quantity of silver. Similarly, the antibacterial
behaviour of silver grown attached to copper-palygorskite characterized Zhao et al. [88].
Valaskova et al. [89] have prepared and characterized Ag nanoparticles on vermiculite and
compared them with Ag nanoparticles on montmorillonite. The antibacterial activity of both
nanocomposite types was tested on two bacteria strains. The Gram negative (G-) strain was
represented with two bacteria Klebsiella pneumoniae (K. pneumonige, 9CCM 4415) and
Pseudomonas aeruginosa (P. aeruginosa, CCM 1960), and the Gram positive (G+) strain using
two bacteria Staphylococcus aureus (S. aureus, CCM 3953) and Enterococcus faecalis (E. faecalis,
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CCM 4224). K. pneumonine resides in the normal flora of the mouth, skin and intestines. P.
aeruginosa is the most common pathogen isolated from patients, who have been hospitalized
longer than one week. S. aureus is a constituent of the skin flora that is frequently found in
the nose and on the skin. E. faecalis inhabits the gastrointestinal tracts of humans and other
mammals.

Figure 2. TEM images of silver nanoparticles on montmorillonite (a) and vermiculite substrates (b).
HRTEM images of nanoparticles grew together (c) and microstructure of the Ag nanoparticles (d); (with
courtesy of dr. Valter Klemm)

Nanocrystalline particles of silver reduced from the solution of silver nitrate on the clay
mineral substrates were characterized using TEM and HRTEM. Transmission electron
microscopy (TEM) revealed silver nanoparticles grown on the surface of both clay minerals
of the mean size between 40 and 50 nm. Small Ag particles were substantially smaller than
20 nm. Furthermore, TEM/HRTEM found essential differences in the size distribution of the
Ag particles grown on the surface of the montmorillonite and on the surface of the
vermiculite. On montmorillonite, all Ag particles grew with a similar size and were well
distributed on the surface (Fig. 2a). Huge Ag particles with the size much larger than 50 nm
were observed only on the edges of the montmorillonite flakes. The size of the Ag particles
grown on the surface of vermiculite was very heterogeneous (Fig. 2b). Some of nanoparticles
were agglomerated or grew together (Fig. 2c). A lot of small particles contained smaller
domains with high defect density. Microstructure of the Ag nanoparticles showed
crystallites disorientation with a lot of defects, especially different planar defects (Fig. 2d).

Based on the results of the microstructure analysis of silver nanoparticles and clay mineral
substrates authors [36, 70] assumed the manner of growth of nanoparticles on the surface of
vermiculite and montmorillonite.

The particle growth process began after the previous docking of silver (precipitated from the
solution of AgNOs) on the clay mineral surface. During their further growth, the Ag
nanoparticles separated the clay mineral crystallites into several domains. Single
nanocrystalline particles of Ag grow next to each other and then growing to larger
nanoparticles with many microstructure defects. Still, the atomic ordering of the Ag
nanoparticles at the silver/clay mineral interface is controlled by the local orientation of the
clay mineral matrix. During the further growth, larger Ag nanoparticles re-crystallize by
reducing the energy of their internal defects through the rearrangement and through the
conservation or formation of the low-energy boundaries (as it was observed by HRTEM).
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Differences between silver nanoparticles on the vermiculite and montmorillonite substrates
authors confronted with the different sources of negative layer charge. When at dioctahedral
montmorillonite negative layer charge results from an octahedral substitution of magnesium
for iron and the substitution of Si*" in tetrahedra is negligible [90] the trioctahedral
vermiculite has a negative charge resulting mainly from the substitution of trivalent cations
for Si** in tetrahedra [9]. Further it was found that montmorillonite and vermiculite after
treatment with the silver nitrate solution released the Na*, K*, Ca?* and Mg?* cations from the
interlayer space of both clay minerals and from the octahedral positions in the
montmorillonite. Such structural change allowed the Ag* to be incorporated in the host
structure of the clay minerals through their surface and edges. The total amount of silver on
vermiculite was higher than on the montmorillonite. The size distribution of the Ag
nanoparticles was much more homogeneous on the montmorillonite substrate than on the
vermiculite. The lower negative layer charge of montmorillonite results from the
substitution of cations, which are located at the octahedral positions, is responsible for a
uniform size of the Ag nanoparticles. The Ag particles with the size much larger than 50 nm
were only on the edges. The negative layer charge of vermiculite as a consequence of the
charge on tetrahedra can hold higher content of silver than montmorillonite.

Both sample series of silver/vermiculites and silver/montmorillonites, showed good
inhibitory action against the Gram negative bacteria strains. The higher content of silver
reduced on vermiculite predestines silver/vermiculite to be stronger antibacterial agent than
silver/montmorillonite.

4. Vermiculite nanofillers to polymer/clay nanocomposites

Nanocomposites have at least one ultrafine phase dimension, typically in the range of 1-100
nm, and exhibit other properties with comparison to the micro- and macro-composites. The
clay-polymer nanocomposite could be considered as “one-nano-dimensional” because the
clay filler has one dimension at the nanometer scale [91]. The high aspect ratio of layered
silicate nanoparticles is ideal to modify the properties of the polymer, but the hydrophilic
nature of silicate surfaces impedes their homogeneous dispersion in the organic polymer
phase [92]. On the other hand it was found that polymers can interact with the external
surface of clay minerals and also penetrate into the nano- structural spaces, holes and
tunnels [93].

The polymer nanocomposites exhibit new and sometimes improved properties that are not
displayed by the individual phases or by their conventional composite counterparts.
Significant improvement of mechanical properties, thermal stability, resistance to solvent
swelling and suppression of flammability have been achieved with the only up to 5 wt.%
exfoliated layered silicates nanoparticles in polymer matrix [94-97]. The development of
clay—polymer nanocomposites at low clay loadings (3-7 wt %) as advanced structural
materials brings significant improvements in mechanical strength and stiffness, enhanced
gas barrier behavior, reduced linear thermal expansion coefficients, and increased solvent
resistance in comparison with pristine polymers.



Vermiculite: Structural Properties and Examples of the Use 219

The hydrophilic clay minerals are commonly treated with ammonium cations with long
alkyl chains to improve the compatibility between the silicate layers and the polymer
matrix. The methods used for the preparation of clay-polymer nanocomposites, include
solvent intercalation, in situ polymerization, and melt-compounding [98-102]. Both solvent
intercalation and in situ polymerization allow polymer chains to enter into the galleries of
silicate clays. Melt blending is more attractive because the nanocomposites can be processed
by conventional methods such as extrusion and injection molding. The influences of the
addition of various types of clays on the non-isothermal crystallization process of
thermoplastics have been studied by several researchers. Fornes and Paul [103] found that
depending on the dispersion of clays in thermoplastic matrices the clay nanofillers can
either promote or retard the crystallization of polymers and observed that the degree of
crystallinity of nanocomposites showed a strong dependence on the cooling rates.

Polyethylene (PE) is one of the most widely used polyolefins. The molecular structure is
generally simply written by the formula (CH2)n, where n is very large. The PE specimen
may contain chains of different lengths [104]. Low-density PE (LDPE) contains many
statistically placed paraffinic branches. The defects in the arrangement of chains reduce the
structure crystallinity [105]. When mixing PE with hydrophilic clay minerals the additives
can play a role of a polymeric surfactant, or they may act as a compatibilizer when mixed
with organophilized clay minerals. The polar additives or charge of carriers introduce
dipole moments in PE [106-109].

Clay mineral vermiculite (VER) was used as the clay mineral nanofiller into polymer matrix
and was intercalated with the maleic anhydride into polyamide [110], polyethylene [109],
and polypropylene [89, 111]. It should be noted that nanocomposites of polypropylene with
nanofiller of VER were prepared without any compatibilizer by solid-state shear
compounding (S3C) using pan-mill equipment [112]. Vermiculite particles were only partly
intercalated with polypropylene and exfoliated in PP matrix (Shao et al., 2006).

Organovermiculite nanofiller octadecylamine/vermiculite (ODA/VER) was exfoliated in
polypropylene (PP) [89]. The organovermiculite nanofillers were prepared in three ways.
Sample 1 was original VER (Fig. 3a) intercalated using melt intercalation with octadecylamine
(ODA). Sample 2 was VER milled in jet mill and intercalated with ODA (Fig. 3b). Sample 3
was VER exfoliated using an oxidizing agent potassium persulfate [61] and subsequently
intercalated with ODA.

The thermal compounding of the organovermiculites (4 wt. %) with maleated PP caused the
partial deintercalation of organovermiculites. As the jet milled original VER flakes have
corrugated edges [113] in PP remained intercalated only in their central parts. The frayed
edges and small particles showed somewhat higher interlayer distances and the penetration
of polymeric segments from the softened polymer matrix was possible. The sample 2 was
very well dispersed within PP matrix. The layered vermiculite structure after exfoliation
with potassium persulfate was destroyed [61] and therefore intercalation of ODA molecules
into the interlayer was limited (sample 3). On the X-ray diffraction patterns of composite
sample 2 in PP authors identified new reflection of the orthorhombic y-PP in addition to the
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a-PP. According to the literature it is known that the formation of y-PP in a-PP takes place
when the VER particles reduce the PP chain mobility within the narrow space surrounded
by the dispersed clay mineral particles [114].

Figure 3. SEM images of original particle VER (a) and jet milled VER intercalated with ODA (sample 2).
Bar shows 10 um.

Thermal stability of PP and PP/VER nanocomposites was evaluated by thermogravimetric
analysis (Fig. 4).
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Figure 4. TG and DTA of ODA/VER nanofillers in PP.

The thermal resistance of the nanocomposites was evaluated by comparing temperatures at
the certain weight loss points. Decomposition of pure PP started at 247°C. The degradation
point characterized by onset temperature followed the sequence: sample 3 (286°C) —
sample 2 (273°C) — sample 1 (267°C).

At 5 % mass loss, the dispersed exfoliated organovermiculite nanofillers sample 2 showed
about 51°C, and sample 3 (weekly exfoliated in PP) even about 65°C higher thermal
resistance than pure PP.
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This agrees with observations of Gilman [112], who reported that intercalated clay mineral
particles in polymer matrix make composite a much more resistant to temperatures than
exfoliated particles.

Nanoclays are clay minerals optimized for use in clay nanocomposites— multi-functional
material systems with several property enhancements targeted for a particular application.
The polymer—clay nanocomposites have been reviewed in several literature sources [112-
118].

Depending on the structure of dispersed clay-filler in the polymeric matrix, the composites
can be classified as intercalated or exfoliated nanocomposites. Polymer nanocomposites can
be prepared by two main processes, that is, in situ polymerization and melt compounding.

Use of nano-sized filler particles to form polymer composites has attracted much attention
in recent years because of the potential performance advantages that could create new
technological opportunities. Potential benefits include increased mechanical strength,
decreased gas permeability, superior flame-resistance, and even enhanced transparency
when dispersed nanoclay plates suppress polymer crystallization [119-123].

The key issue is to obtain an effective dispersion and exfoliation of the platelets into the
polymer matrix to yield well-aligned, high-aspect ratio particles for mechanical
reinforcement or a tortuous diffusion pathway for improved barrier properties [124]. In situ
polymerization process consists of intercalation of monomer as precursor species, followed
by their polymerization inside the interlayer of clay mineral. Numerous nanocomposite
materials were prepared by method with clay having inorganic metallic interlayer cation,
which can promote formation of monomer radical inducing its polymerization, or
modifying agent for nonpolar polymers. Both thermosets and thermoplastics have been
incorporated into nanocomposites.

Simulation techniques become an integral part of experimental techniques, since the
information about the spatial arrangement of molecules within the interlayer is hard to
obtain without the aid of computer simulation. It offers a range of modeling and simulation
methods, covering the length range from the subatomic quantum scale, through the
molecular level, to the micrometer scale. Methods to model the behavior of systems on each
of these scales are combined with analytical instrument simulation and statistical correlation
techniques, allowing detailed study of structure, properties, and processes. Molecular
modeling using empirical force field represents a way to preliminary estimation of the host-
guest complementarity and prediction of structure and properties for nanomaterial design
in molecular nanotechnology.

5. Industrial vermiculite nanocomposites

The group of vermiculite—polymeric nanocomposites, where vermiculite or its silicate layers
in the final composite stage is altering properties of full system, represents economically and
technologically unpretentious materials. Vermiculite here enters the composite system
unmodified; it means that it keeps its original characteristics. Usually, polymer and/or
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layered silicate nanocomposites are synthesized from polymeric macromolecules directly or
from monomers followed by in situ polymerization to intercalate into and then enlarge the
interlayer of the used clay.

The struggle to prepare nanocomposites is affected by many factors such as the blending or
reaction time, temperature and the affinity between the host and the matrix. Moreover, the
intercalated nanocomposites instead of the exfoliated nanocomposites are commonly gained
in most cases. Generally, dispersion as well as delamination of vermiculite in polymer
matrices is observed using electron microscopy and XRD techniques.

Three main approaches have been used in the preparation of clay—polymer composites: (1)
melt blending, (2) solution blending, and (3) in situ polymerization. However, homogeneity
at nanoscale level may not be fully achieved using these methods. One way of approaching
this problem is complete delamination of the clay particles to give colloidal dispersions of
single layers in a suitable solvent and restacking the layers in presence of guest species.

Utilization of vermiculite in nanocomposite is not as extensive as for montmorillonite. Most
of the applications limits low swell ability of vermiculite compare to montmorillonite.
However, several main streams of applications were introduced.

Superabsorbents are a type of loosely crosslinked hydrophilic polymer that can swell, absorb,
and retain a large volume of aqueous or other biological fluid. The superabsorbents have
found extensive applications in many fields such as agriculture, hygienic products,
wastewater treatment, drug-delivery systems, etc.

The conventional superabsorbents are based on expensive fully petroleum-based polymers.
Their production consumes lots of petroleum and their usage can also cause a nonnegligible
environment problem. New types of superabsorbents by introducing naturally available raw
materials as additives were desired. The incorporation of clays reduces production cost, and
also improves the properties (such as swelling ability, gel strength, mechanical, and thermal
stability) of superabsorbents and accelerates the generation of new materials for special
applications. The properties of traditional superabsorbent could be enhanced by
incorporating vermiculite [125]. It is expected that organomodification of vermiculite can
further improve dispersion and performance of the resultant nanocomposite. The
superabsorbent nanocomposites were prepared from natural guar gum and
organovermiculite by solution polymerization and analyses indicated that organovermiculite
was exfoliated during polymerization and uniformly dispersed in the polymeric matrix [126].

In the superabsorbent field recently, much attention has been paid especially to layered
silicate as favorable compound of absorbent composites. Polyacrylate (PAA)-vermiculite
superabsorbent composites were tested for their absorption abilities. Acrylamide and acrylic
acid mixed with vermiculite were polymerized. Final nanopowders had the particle size in
range 40-80 mesh. Nanocomposite was immersed in examined medium and let to reach
swelling equilibrium for 4 h, which resulted in absorption of water into network of
composite and the formation of hydrogel. Swelling behavior of the superabsorbent
composites of various cations from salt solutions (NaCl, CaClz, and FeCls), anions salt
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solutions (NaCl, Na250s, and NasPOs), and pH solutions were observed. Equilibrium water
absorbency for the PAA-vermiculite superabsorbent composite was significantly affected by
the content of vermiculite. The highest water absorbency was obtained when 20 wt.% of
vermiculite was incorporated. Water absorbency of these composite materials was also
significantly dependent on properties of external saline solutions, including valence of ions,
ionic strength, and pH values. FTIR indicated that the reactions occur between -COO-
groups and —-OH groups on the surface of vermiculite. SEM and TEM studies illustrated
more finely dispersion of the clay particle in the polymer matrix. In addition, XRD analysis
showed that the polymerization reaction is performed on the surface of vermiculite and the
d-space is not changed. TGA indicated that introduction of vermiculite into the polymer
network leads to an increase in thermal stability of the composites. The reaction between
organics and clay is related to the structure and properties of clay. The equilibrium water
absorbency decreases with increasing clay content owing to the increasing crosslinking
points and the decreasing percentage of hydrophilic groups in polymeric network. The
vermiculite based nanocomposite acquired high- water absorbency in CaCl> aqueous
solution [133].

Simple mixing technique of vermiculite into polymer matrix could be applied in case of
preparation of membranes. Several minerals, including vermiculite 10-100 um particle size,
were tested for having desirable features to be used in membrane. Many membranes are
designed to be selectively permeable, commonly intended for use in membrane separations
or to be impermeable barriers to protect a surface or a product. Paint, food wrap, and
electronic packaging are examples. For these barrier membranes, we seek polymers through
which solutes such as water, oxygen, and chloride permeate slowly, rather than rapidly.
Developing barrier membranes containing aligned mineral flakes could be solution for those
requirements. Since mineral flakes are generally crystalline, they have very low
permeability, and can reduce the permeability of the composite film. The permeability of
polymer films can be reduced dramatically with many layers of thin mineral flakes aligned
parallel to the film’s surface.

As the gas barrier membrane could be utilized of butyl rubber—vermiculite nanocomposite coating
in form of thing layer. The coating formulation consisting of a butyl rubber (polyisobutylene
(CaHs)n) latex, which is well known among elastomers for its superior gas barrier
characteristics, to which dispersion of exfoliated vermiculite was added. The gas
permeability and diffusion coefficients of the nanocoating compare to pure polymer were
altered remarkably by the presence of the high loadings of vermiculite. The gas permeability
was reduced by 20-30-fold by the vermiculite. Diffusion coefficients computed from time
lag data were reduced by two orders of magnitude. Solubility coefficient obtained from the
time lag observation increased significantly with vermiculite content in contradiction to that
expected by theory (the solubility coefficient should decrease with filler loading since the
volume of available polymer is decreased). The excess sorption appears to be the effect of
gas adsorption by the vermiculite [127].

Mixing dilution of polyvinyl alcohol (PVA) (C:HsO)» with vermiculite suspension both in water
was prepared membrane — precursor, which was later cast on block heated to 75°C. For a
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film with a volume fraction ¢ of flakes of aspect ratio a, the permeability reduction is
expected to be proportional to a¢ for the dilute limit (¢ << 1 and ac < 1) but proportional to
(ad) 2in the semidilute limit (¢ << 1 but a¢ > 1). Permeability of hydrochloric acid and
sodium hydroxide across films containing mica or vermiculite in PVA agree with the
second, semidilute prediction. These improvements in barrier properties are independent on
the flake size, permeate, and polymer chemistry [128].

However, it is very difficult to prepare an entirely exfoliated nanocomposite using natural
vermiculite as nanofiller by conventional techniques. Therefore, vermiculite has been
successfully delaminated with acid treatment and used to mix with engineering polymer
directly to synthesize polymer-vermiculite nanocomposites [129, 130]. Acid delaminated
vermiculite was successfully utilized for preparation of PVA nanocomposite. The properties
of composite significantly depend on the preparation procedure for the reason that chemical
reactions and physical interactions involved. Two steps preparation, delamination with
hydrochloric acid and then addition to the PVA solution using various mixing times. The
positive effect of the vermiculite content on the thermal behavior of the PVA-vermiculite
blends was observed [131].

The utility of the PVP—-vermiculite nanocomposite materials can be found in area of wastewater
cleaning as the remover of color from dye wastewater, since vermiculite is an excellent
adsorbent for basic blue dye, requiring moderately short contact times. The phenols and
iodine form a molecular complex with pyridine, as well as with PVP. Thus, common
impurities from the industrial waste stream such as iodine, weak acids, and phenol can be
removed using the PVP-vermiculite nanocomposite. It can also be used as a reusable mild
acid scavenger, which can be easily removed from the reaction medium by filtration. The
cost of vermiculite is 10% of activated carbon and it is possible to regenerate it by simple
heating, so it offers an attractive alternative for waste removal and recovery.

Nanocomposites poly(4-vinylpyridine(VP)) (PVP) and poly(N-vinyl-2-pyrrolidinone(NVP))
(PNVP) both combined with vermiculite have been synthesized by the intercalative redox
polymerization of monomer in the gallery of Cu?* ion-exchanged vermiculite (Cu?* serves as
polymerization agent). The formation of a single filament of the PVP polymer in the
vermiculite gallery is confirmed by the increase in gallery spacing of 0.47 nm as indicated by
XRD analysis. XRD analysis following intercalative polymerization of PNVP indicates the
presence of two prominent peaks with the corresponding basal spacing doz = 1.43 nm
(intercalated) and 0.99 nm (not intercalated), suggesting the formation of a partially
intercalated hybrid material. The amount of polymers present in the gallery is found to be
around 20 wt.% by TG analysis. Presence of the polymer in vermiculite gallery results in
enhanced thermal stability that is evident from the increase of initial decomposition
temperature by 300°C. Differential scanning calorimetry of the nanocomposite indicates that
the polymer is confined to a restricted geometry because of the absence of a glass-transition
temperature, which confirms the XRD finding. The IR absorption peaks corresponding to
PVP and the expected PVP of UV n-n* transition at 275 nm, along with the XRD, and
thermal data confirms that the gallery expansion is owing to the PVP filament [132].
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The nanocomposites consisting of the emeraldine salt of polyaniline (PANI) and layered
vermiculite were synthesized to improve thermal stability of nanocomposite [134]. Emeraldine
salt (base) is regarded as the most useful form of PANI owing to its high stability at room
temperature. PANI-vermiculite nanocomposites were prepared via in situ polymerization of
monomer compounded with vermiculite. Vermiculite silicate layers could be highly
dispersed within PANI bulk thanks to pretreatment of vermiculite with hydrochloric acid.
The introduction of nanolayers of vermiculite improves greatly the thermal stability of
nanocomposite, but its electrical conductivity decrease slightly only, as demonstrated by
TGA and electrical conductivity measurements.

An increased understanding, on the micro- and nanolevel, of polymers at surfaces and in
confined geometries assists in the development and improvement of new technologies. Of
special interest is to understand the nature of the glass transition — not fully solved problem
of condensed matter physics. By confining molecules in very small spaces (e.g., clay gallery),
the existence or not of a length scale associated with molecular motions responsible for the
glass transition can be established. The increment of its relaxation strength in the clay has
been related to the 2D geometry of the confinement. These polymers have a dipole moment
component parallel to the chain and, therefore, the total dipole vector is proportional to the
end-to-end vector and so the overall chain dynamics can be measured by dielectric
Spectroscopy.

Vermiculite was selected for study the molecular dynamics of oligomeric poly(propylene
glycol (PG)) (PPG) liquids (Mw = 1200, 2000, and 4000 g mol-). The thickness of the liquid
layers was 0.55 nm in the case of PG and 0.37 nm for 7-PG and PPG. The PG oligomers form
a flat monolayer in vermiculite gallery with their methyl groups pointing in the direction of
the clay surfaces. In contrast, the monomers are probable orientated either perpendicular to
the clay layers or parallel to the layers, but with the methyl groups pointing toward a clay
surface. The dynamics generally become slower with increasing chain length but the
dynamics of the 7-mers was established to be faster than for the single monomers. A
possible explanation for the fact may be that the OH end groups of the monomers are linked
together forming a network, and, as a result, slow down the diffusion at temperatures low
enough to keep the network structure intact [135]. The PPG confined in Na-vermiculite has
been studied by broadband dielectric spectroscopy. In addition to the temperature
dependence of the main (a-) relaxation process and the related high-temperature
translational or segmental diffusion, the normal mode relaxation process was studied for all
samples in both bulk and confinement. For the normal mode process the relaxation rate and
the temperature dependence of the relaxation time in the clay is drastically shifted to lower
frequencies compared to that of the bulk material. The a-process relaxation time is only
slightly affected by the confinement.

The fact that interactions of PPG with the clay surfaces are very weak was implied based on
similar temperature dependence of the relaxation time the a-relaxation in both bulk and
confinement [136]. Relaxation process corresponds to the molecular motions of translational
character and that it is almost unaffected by the present true 2D confinement, in contrast to
the dielectrically active normal mode of PPG which is substantially slower in the



226 Clay Minerals in Nature — Their Characterization, Modification and Application

confinement. Thus, there is no indication, for none of the confined liquids, that the OH-end
groups should form strong hydrogen bonds to the clay surfaces. In fact, the rather small
effect of the present confinement on the diffusive dynamics and the main relaxation time
suggest that the surface interactions are considerably weaker than in many other model
systems [135].

Nanocomposites based on magnetic nanoparticles supported within thermally-expanded vermiculite
are extremely interesting for many applications, including its use in removing oil from
water after oil spills. Two distinct magnetic nanocomposites based on thermally-expanded
vermiculite pellets were treated with two different magnetic fluid samples. One of them was
an ionic magnetic fluid (IMF), and the second a surfacted magnetic fluid (SMF) was
consisting of oleic acid-coated nanoparticles suspended in organic medium. Magnetic fluids
(MFs) are highly stable colloids consisting of nanosized magnetic particles (mainly iron
oxides) suspended in a hydrophilic or hydrophobic liquid carrier. Besides numerous
industrial and biomedical applications MFs can be successfully used to introduce nanosized
magnetic particles into a variety of hosting structures and templates [137].

Recently, layered silicates have been used to modify bitumen. It has been found that physical
properties, rheological behaviors and aging resistance of bitumen and polymer modified
bitumen could be obviously improved due to barrier properties of MMT. Expanded
vermiculite (EVMT) clays modified bitumen was prepared by using EVMT, cetyltrimethyl
ammonium bromide (CTAB)-EVMT and octadecyl dimethyl benzyl ammonium chloride
(ODBA)-EVMT as modifiers. The morphology characteristic of the modified bitumen was
investigated by X-ray diffraction (XRD). The binders were aged by pressure aging vessel
(PAV), in situ thermal aging and ultraviolet (UV) radiation. The phase-separated structure
was observed in EVMT modified bitumen, while CTAB-EVMT and ODBA-EVMT modified
bitumen formed the intercalated and exfoliated nanostructures, respectively [138].

In situ ring-opening polymerization of the cyclic oligomers in the gallery of vermiculite can form
high performance polymer nanocomposites, in the absence of any catalyst and without any
volatile by-products formed. The new approach allows to intercalate the silicate layers with
cyclic(arylene disulfide) oligomers via direct melt compounding, and in turn to prepare in
situ the corresponding nanocomposites. The cyclic arylene disulfide oligomer acts both as a
precursor of polymeric matrix and as a swelling agent of the vermiculite layers. High
molecular weight polymer can be formed in a few minutes [139].

A conducting polymer/inorganic host hybrid nanocomposite was created from the conductive
polypyrrole (PPy) self-assembled monolayer (SAM) coated on expanded vermiculite (VMT)
[140]. The conducting polymer/inorganic host hybrid composites provide the new
synergistic properties, which cannot attain from individual materials. Their conductivity is
more easily controlled, and the mechanical or thermal stability is improved through the
synthesis of the composites. resulting in PPy/VMT nanocomposites after VMT particles
surface modification.

X-ray diffraction (XRD) analysis confirmed that the main peaks of PPy/VMT nanocomposites
are similar to the SAM-VMT particles, which reveal that the crystal structure of SAM-VMT is
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well maintained after the coating process under polymerization conditions and exhibit semi-
crystalline behavior. Thermogravimetric analysis showed that the thermal stability of
PPy/VMT nanocomposites was enhanced and these can be attributed to the retardation effect
of amine-functionalized VMT as barriers for the degradation of PPy. The morphology of
PPy/VMT nanocomposites showed the layered structure and encapsulated morphology. The
composites possess high electrical conductivity at room temperature, weakly temperature
dependence of the conductivity.

Intercalated nanocomposites comprised of poly(propylene carbonate) (PPC) and organo-
vermiculite (OVMT) was first prepared via direct melt compounding of the alkali-vermiculite
intercalated host with PPC in a twin rotary mixer. The dispersion and morphologies of OVMT
within PPC were investigated by X-ray diffraction and transmission electron microscopic
techniques. The results revealed the formation of intercalated-exfoliated vermiculite sheets
in the PPC matrix. Because of the thermally sensitive nature of PPC, thermal degradation
occurred during the melt compounding. The degradation led to a deterioration of the
mechanical properties of the nanocomposites. Tensile test showed that the yield strength
and modulus of the nanocomposites decrease with increasing vermiculite content [141].

6. Polymeric bio-related nanocomposites

Polymeric bio-related nanocomposites can be classified into two classes: (1) natural-based
materials, including polysaccharides (starch, alginate, chitin/chitosan, hyaluronic acid
derivatives) or proteins (soy, collagen, fibrin gels, silk); (2) synthetic polymers, such as
poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(3-caprolactone) (PCL), poly(hydroxyl
butyrate) (PHB) [142].

Polymer Type Utilization

Fracture fixation,
interference screws,

Poly(lactic acid) (PLA) aliphatic polyester suture anchors,
meniscus repair
non-woven fibrous

poly(glycolic acid) (PLG) aliphatic polyester fabricsjsuture anchors,

meniscus repair, medical
devices, drug delivery

Suture coating, dental
poly(e-caprolactone) (PCL) aliphatic polyester orthopaedic implants,
bone tissue implantant

material for waste
management strategies;
biocompatibility in the
medical devices

poly(hydroxylbutyrate) (PHB) Polyester

Table 1. Biopolymers for composites
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Many advantages and disadvantages characterize these two different classes of biomaterials.
Synthetic polymers have relatively good mechanical strength and their shape and
degradation rate can be easily modified, but their surfaces are hydrophobic and lack of cell-
recognition signals. Naturally derived polymers have the potential advantage of biological
recognition that may positively support cell adhesion and function, but they have poor
mechanical properties. Many of them are also limited in supply and can therefore be costly
[142].

During the last decade, significant attention has been focused on biodegradable polymers.
Among all these polymers, poly(lactic acid) (PLA) is one of the most promising because it is
thermoplastic, biocompatible and has a high strength, a high modulus, and good
processability [143]. PLA also has been revealed an inefficient crystallization process for
both the lower crystallization rate and crystallinity as compared with other polymers [144-
147].

To maximize therapeutic activity while minimizing negative side effects is the main driven
force for the continuous development of new controlled drug delivery systems. Because the
release of drugs in drug-intercalated layered materials is potentially controllable (Fig.5),
these new materials have a great potential as a delivery host in the pharmaceutical field.
Calcium clay has been used extensively in the treatment of pain, open wounds, colitis,
diarrhea, hemorrhoids, stomach ulcers, intestinal problems, acne, anemia, and a variety of
other health issues.
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Figure 5. Schema of drugs delivery.

Bionanocomposites belong to group of materials, being the result of the combination of
biopolymers and inorganic solids at the nanometer scale. These hybrid organic-inorganic
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materials are extraordinarily versatile as they could be formed from a large variety of
biopolymers and also from different inorganic solid particles such as layered silicates,
hydroxyapatite, cellulose and other metal oxides [148]. Among them, chitosan/layered
silicate nanocomposites have received much more attention. These nanocomposites are of
interest for advanced biomedical materials, as for instance tissue engineering, artificial
bones or gene therapy. Other possible fields of applications are related to their mechanical,
thermal and barrier properties, making this class of materials attractive for potential uses in
controlled drug and pesticides delivery, membranes for food processing, drinking water
purification, oxygen barrier films and food package.

Chitosan is the deacetylated product of chitin, a natural polymer found in the cell wall of
fungi and microorganisms. The active groups in the chitosan structure are the free amine
groups, located in the C2 position of the glucose residue in the polysaccharide chain, and the
hydroxyl groups [148]. The chitosan/vermiculite nanocomposites have been successfully
prepared with different modified vermiculite, which was treated by acid, sodium and CTAB
cations. The modification and the nano-scale dispersion of the modified vermiculites were
confirmed.
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Chapter 12

Synthesis and Characterization
of Fe-Imogolite as an Oxidation Catalyst

Masashi Ookawa

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/48171

1. Introduction

Imogolite is a hydrated aluminosilicate with a unique tubular structure, which is found in
volcanic ash soil and is shown in Figure 1. It was first discovered in glassy volcanic ash soil
in Japan and was named after the soil in Hitoyoshi, Kumamoto Prefecture [1]. Its chemical
composition is (OH)3Al2035i(OH).

Figure 1. Photograph of natural imogolite films in soil.

The tubular structure of imogolite was proposed by Cradwick et al. [2] based on results
from electron diffraction observation and is shown in figure 2. The tube wall consists of a

I Nlr EC H © 2012 Ookawa, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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single continuous AI(OH)s (gibbsite) sheet and orthosilicate anions (OsSiOH groups)
associated with each vacant octahedral site of the gibbsite sheet. The imogolite has an outer
diameter of ca. 2 nm and an inner diameter of ca. 1 nm.
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Figure 2. A cross-section of the structural model of an imogolite tube.

Recently, imogolite has drawn a new attention as a new nano-material because of its unique
nano-scale tubular structure similar to that of a single-walled carbon nanotube [3]. Studies
on synthesis [4-9], mechanisms of formation [10], structural evolution [11, 12], stability [13,
14], electronic states [14, 15] and application have been carried out. Proposed applications,
such as a polymer composite [16,17], a fuel gas storage [18], an absorbent [19], an exchange
material for heat pump system [20], a humidity-controlling material [6] and an anti-
deweling material [6] have been discussed.

Application as a catalyst or a catalyst support also attracts attention because it is expected to
have a shape-selective characteristic property as molecular sieving zeolites due to its unique
tubular structure. However, few investigations [21, 22] have been reported using natural
imogolite as a catalyst because the extraction of pure imogolite from the soil is difficult and
time consuming [21]. Therefore, synthesis of imogolite has become necessary in order to
utilize it as a functional material.

We synthesized imogolite containing Fe®* ions (Fe-imogolite) using NaSiOs, FeCls and AICl3
to investigate its catalytic properties [23]. Because of its chemical stability, an incorporation
of another element is necessary to generate a chemical function. We found that it served as a
catalyst of liquid-phase oxidation reactions of some hydrocarbons.

In this chapter, the synthetic methods, characterization and the general properties of
imogolite is described at first. And then the characterization and catalytic properties of Fe-
imogolite obtained from our researches is described.
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2. Synthetic imogolite

In the latter half of the 1970's, synthesis of imogolite was succeeded from a dilute solution.
Recently, various synthesis methods have been investigated and many characterizations
have been carried out. In this section, synthesis methods, structural characterization and
catalytic properties of synthetic imogolite are described.

2.1. Synthesis method of imogolite

Farmer et al. reported [24] the synthesis method of imogolite in 1977. Imogolite was
synthesized from a dilute solution containing of hydroxyaluminum cations (2.4 mmol L)
and orthosilicic acid (1.4 mmol L1). Afterward, the solution was adjusted to pH 5 with
sodium hydroxide, 1 mmol L' of hydrochloric acid solution and 2 mmol L of acetic acid.
Imogolite was obtained in this solution by heating it near the boiling point. Wada et al. [25]
later also investigated the effects of Al-to-OH- (as sodium hydroxide) ratio to synthesizing
imogolite and allophane using a dilute inorganic solution.

A diluted inorganic solution is necessary to form imogolite in these methods, because
preventing the condensation of orthosilicic acid and the formation inhibition of it by anions
is important to form the nanotube structure. However, it is difficult to obtain a large sample.
Suzuki et al. [6] developed a synthetic method of producing imogolite using a concentrated
inorganic solution. Sodium orthosilicate was used as a starting material to prevent the
condensation of orthosilicic acid. Furthermore, a desalination process is carried out by
centrifugation. We have synthesized Fe containing imogolite based on improving Suzuki’s
method which will be described below in detail.

More recently, new synthesis methods of imogolite have been reported. Levard et al. [8]
synthesized it from a decimolar concentration solution at 95 °C for 60 days. Abidin et al. [9]
proposed a new supplying method of a silicon source using colloidal silica for the synthesis
of imogolite.

2.2. Characterization of imogolite

2.2.1. Morphology

Transmission electron microscopy (TEM) or scanning electron microscopy (SEM) is used
mostly in order to observe the morphology and structure of imogolite nanotubes. Figure 3
shows an SEM image of synthetic imogolite.

Bursill et al. [2] have observed the various aggregations of them such as randomly oriented
single tube, close-packed arrays or fiber bundles by high resolution TEM.

On the other hand, atomic force microscopy (AFM) is a powerful tool to investigate them
under ambient conditions. The tapping-mode AFM especially shows the morphological
features of the synthetic imogolite clearly [26, 27]. Figure 4 shows the tapping mode AFM
image of synthetic imogolite. Fibrous materials with a length of 100 - 1000 nm can be
observed in this image.
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Figure 3. The FE-SEM image of synthetic imogolite.

2.2.2. Structural characterization

The analytical methods, such as X-ray diffraction (XRD), infrared (IR) spectroscopy and
solid state nuclear magnetic resonance (NMR) are used in order to identify or characterize
imogolite. In this section, the features of imogolite obtained using these analytical methods
are mentioned.

The XRD profiles which were obtained by Cu Ka irradiation are given in Figure 5. Imogolite
is characterized by three broad peaks in the low angle region. There are three peaks at 26 =
5.1°, 11° and 15.6° in the XRD profile of natural imogolite and at 26 = 4.6°, 9.6° and 14.3° in
that of synthetic imogolite. The difference in peak position is due to the difference in the
diameter of a tube of a natural and synthetic imogolite [7, 24]. The diameter of 1.8 - 2.2 nm in
natural imogolite [1] and 2.7 - 3.2 nm in synthetic imogolite [25] were reported.

FT-IR spectra of Natural and synthetic imogolite, which are shown in figure 6, have a
characteristic absorption that appears as a doublet at around 1000 cm™. These absorptions
are attributed to Si-O (higher frequency) and Si-O-Al (lower frequency) stretching [28].
These samples also have some absorption bands in the region from 400 cm™ to 750 cm™. The
absorption bands at 685 cm™, 563 cm and 427 cm in natural imogolite arise from various
Al-O vibrations [29].

Imogolite is also characterized by ?°Si and ?’Al solid state NMR [30-34]. Magic angle
spinning (MAS) techniques are used in general in order to obtain a high resolution NMR
spectrum of sold state. Goodman et al. [34] have carried out *Si and Al MAS NMR
measurements of synthetic imogolite. The peak is observed at -78.8 ppm in Si MAS NMR
spectrum of it as well as natural imogolite. Barron et al. [30] have shown that the observed
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Figure 4. The tapping mode AFM image of synthetic imogolite.
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Figure 5. XRD profiles of synthetic imogolite (a) and natural imogolite (b).
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chemical shift of natural imogolite is consistent with silicon tetrahedra which are isolated by
coordination through oxygen with three aluminum atoms and one proton. On the other
hand, Al MAS NMR spectrum of imogolite has one peak at 0 ppm and it is attributed to
the six coordinated octahedral Al** species [31-34].
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Figure 6. FT-IR spectra of synthetic imogolite (a) and natural imogolite (b).

2.2.3. Thermal transformation of synthetic imogolite

The differential thermal analysis (DTA) and thermo gravimetric analysis (TGA) traces of
synthetic imogolite are shown in Figure 7. Two broad endothermic peaks with a weight loss
and an exothermic peak without a weight change were observed.
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Figure 7. DTA-TGA curves of synthetic imogolite.

MacKenzie et al. [31] investigated thermal transformation of natural imogolite by using
DTA-TGA, ¥Si MAS NMR and Al MAS NMR and proposed the structural models which
were changed by heating. The results of DTA-TGA showing thermal transformation of
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imogolite are explained based on their literature. The endothermic peaks at 110 °C and
400 °C were attributed to the loss of adsorbed water and dehydroxylation, respectively.
Amorphism of imogolite occurred by these dehydroxylations. The exothermic peak at 950
°C was attributed to crystallization to mullite (AlsSi2O13). Donkai et al. [11] investigated
thermal transformation of natural imogolite up to 1600 °C using XRD and IR and reported
the formation of tridymite (SiOz) with mullite crystals above 1200 °C. Hatakeyama et al.
[34] investigated the transformation heat-treated synthetic imogolite by using Al MAS
NMR and #Al multiple-quantum magic-angle-spinning (MQMAS) NMR. These results
show five- and four-coordinated Al is formed above 350 °C in amorphous materials
clearly.

2.2.4. Catalytic properties

It has been known that imogolite has surface acidity [35]. The acid strength of it is increased
by heat treatment. Natural imogolite calcined at various temperatures were used as catalysts
for the isomerization of 1-butene [21]. This reaction proceeded effectively over samples
calcined at 400 °C. The decomposition reaction of organic peroxides also was investigated
using Cu?" loaded imogolite calcined at 500 °C. Furthermore, it was mentioned that
imogolite calcined at temperature up to 750 °C exhibited the shape selective adsorption.
Bonelli et al. [36] have studied in situ IR spectroscopy of synthetic imogolite which adsorbed
CO, ammonia, methanol or phenol and catalytic tests using gas-phase phenol reactions with
methanol. They showed that a small amount of Al** Lewis acid sites to adsorb CO existed,
the adsorbed ammonia on imogolite evacuated at 150 °C was observed as NH4* species and,
in addition, a probe such as CO, ammonia, methanol or phenol could interact with inner
silanols. The reaction of phenol with methanol was performed over imogolite after thermal
treatment at 300 °C and at 500 °C. The activity was shown over samples heated at 500 °C
and o-cresol and anisole were obtained as products.

We have investigated the acidic property of imogolite without heat treatment [37]. At first,
we attempted an isomerization reaction of a-pinene on synthetic imogolite. It is known that
the isomerization products of a-pinene depend on the acid or base property of the catalyst.
In the case of acid catalysts, a-pinene isomerize to limonene, camphene and tricyclene [38].
Prior to the reaction imogolite was dried at 120 °C for 12 hours. The isomerization reaction
of a-pinene was carried out at 80 °C for 3 hours or 24 hours using an evacuated batch
reactor. In a typical experiment, the reactor was loaded with 12.6 mmol of a-pinene and 50
mg of catalyst. The a-pinene did not react on it. It was reported that imogolite had a weak
acid property, however it was not detected in this reaction.

Although isomerization of a-pinene did not occurre, some oxidation products of it were
detected slightly. So the oxidation reaction of cyclohexene using hydrogen peroxide was
carried out to test the possibility as an oxidation catalyst.

In a typical catalytic experiment for oxidation [38], the reaction was carried out by using 25
mmol of cyclohexene, 25 mmol of H20:2 (30 wt%) and 30 ml of acetic acid or acetonitrile as a
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solvent with 100 mg of catalyst under being stirred at 50 °C. The results of the oxidation
reaction of cyclohexene with H2O2 are listed in Table 1. Without a catalyst the oxidation
products such as trans-1,2-cyclohexanediol, cis-1,2-cyclohexanediol and 2-cyclohexene-1-ol
were observed using acetic acid as solvent. With imogolite the yield of these oxidation
products was increased, but the selectivity was almost the same as the control experiment.
This result indicates that imogolite has the potential of concentration and acts as a field of
reaction to increase collision frequency.

Product 1-ol trans-diol cis-diol
Yield imogolite 32.3 215 2.9
/% no catalyst 14.6 12.0 1.3
Selectivity  imogolite 56.9 38.0 5.1
/ % no catalyst 52.3 43.2 4.5

Table 1. Oxidation of cyclohexene with H202 over imogolite in acetic acid as a solvent. [38]
Reaction condition: temperature 50 °C, time 6h, imogolite 100 mg
1-ol : 2-cyclohexene-1-ol, trans-diol : trans-1,2-cyclohexanediol, cis-diol: 1,2-cyclohexanediol

In the case of using acetonitrile as the solvent, the oxidation products were not detected for
27 hours of reaction time. In the case of imogolite, 2-cyclohexene-1-ol and 1,2-
epoxycyclohexene were produced with 0.5 % and 0.8 % yields, respectively. This results
shows that imogolite has the possibility as an oxidation catalyst.

3. Fe-imogolite

Although we found the new possibility of synthetic imogolite as an oxidation catalyst, a
chemical modification of imogolite like an introduction of Fe* ion was necessary to promote
the reaction because imogolite is chemically stable. In this section, our results of the
synthetic method, characterization and catalytic test of Fe-imogolite are described.

3.1. Synthesis of Fe-imogolite

Fe-imogolite was synthesized based on improving Suzuki’s method [6, 7]. The typical
method [23] is described here and its flowchart is shown in Scheme 1.

1. We prepared 100 mL of 0.15 mol L' aqueous solutions consist of FeCls and AICls with x
= 0.05 (x = Fe/Al+Fe, atomic ratio). Another way of saying, 0.00075 mol FeCls - 6H20
and 0.01425 mol AICIs - 6H20 were dissolved in 100 mL of water.

2. 100 mL of 0.1 mol L NasSiOs aqueous solution was prepared.

3. NasSiOs aqueous solution was added to AlCls and FeCls mixture and the solution was
stirred for 90 minutes.

4. 0.1 mol L' NaOH aqueous solution was added to the solution consist of NasSiOs, FeCls
and AICls at the rate of 1.0 mL min™ under stirring until the pH of the mixture become
5.5.
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5. The salt-free precursor was obtained from thick solution by centrifugal separation three
times.

It was dispersed in 2 L of water and 40 mL of 0.1 mol L HCI was added.

The solution was stirred for two hours at room temperature.

It was aged at 100 °C for 40 hours.

This aging solution was dialyzed and then dried at 100 °C for two days.

O ® N

10. The film-like Fe-imogolite was obtained.

0.1 mol L 0,15 mol L

ag. NagSi0, agq{AIC]+FeCly)
104} ml | 100 ml

Stirring for 90 min

0.1 mol L*! ImL min'
NaOH *

pH 5.5

Desalination
(centrifugation, 3 times)

Dispersion (water, 2 L)

0.1 mal LV HCL
(40 mL})

Stirring for 120 min

Aging at 100°C
tor 40 hours

Dialysis
Drying at 100°C for 2 days
Fe-imogolite

Scheme 1. Flowchart of a synthetic method of Fe-imogolite.

3.2. Characterization of Fe-imogolite

Fe containing samples with x = 0, 0.05, 0.1 were prepared in order to survey the effect of Fe3*
contents in starting solutions to formation of imogolite nanotubes,. The XRD profiles and IR
spectra of these samples are shown in Figure 8.

As mentioned above, imogolite (x = 0) was characterized by three broad peaks in the low
angle region of the XRD profile and a doublet at around 1000 cm™ in the FT-IR spectrum. In
the case of x = 0.1, it lacks the three broad peaks in XRD and a doublet in FT-IR, meaning the
sample does not have the imogolite structure. In the case of x=0.05, the XRD profile and FT-
IR spectrum were similar to the imogolite. The intensity of the three broad peaks is weaker
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than that of imogolite because XRD measurements were carried out using Cu Ka
irradiation. The color and the profiles of XRD and FT-IR indicate the sample with x=0.05 is
considered Fe containing imogolite and is thus called Fe-imogolite.
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Figure 8. Characterization of Fe containing samples with x (= Fe/Al+Fe, atomic ratio) =0, 0.05, 0.1. XRD
profiles (a) and FT-IR spectra (b) [23].

In order to investigate the state of iron ions in Fe-imogolite, it was compared with the Fe®
ion adsorbed on imogolite The adsorbed Fe* ions sample was prepared by adsorbing FeCls
onto imogolite from aqueous solution of FeCls and is called FeCls/imogolite. These samples
are both reddish brown and the absorption bands of them were observed at the region
above 15,000 cm™ in diffuse reflectance ultraviolet visible (UV-VIS) spectra (Figure 9). The
absorption bands of Fe® in many minerals are observed in this region.

It has been known that when the tetrahedral species of Fe* exist, the pre-edge peak appears
strongly in X-ray absorption near edge structure (XANES) spectra. XANES spectra of Fe K-
edge (7.111 keV) are shown in Figure 10. The pre-edge peak was not observed in the
spectrum of Fe-imogolite nor FeCls/imogolite or Fe2Os. Thus it is clear that the state of iron in
Fe-imogolite is octahedral Fe® ion from the results of UV-VIS and XANES spectra.

Figure 11 shows their Fourier transforms (FT) spectra of Fe-imogolite, FeCls/imogolite and
Fe20s. FT spectrum as radial structure function was obtained by Fourier transformation of
k3-weighted extended X-ray absorption fine structure (EXAFS) function. The FT spectrum of
Fe-imogolite is different to that of FeCls/imogolite or Fe20s. It can be concluded that the state
of Fe¥ in Fe-imogolite is different to the state of Fe® ions adsorbed on imogolite. We
speculate that Fe* replaced the Al** sites in imogolite from these results.

The tapping mode AFM image of Fe-imogolite is shown in figure 12 [39]. The fibrous
morphology was observed similar to the synthetic imogolite. It was found that the tube
diameter was almost uniform and estimated to be 2.2-2.4 nm from section analysis.
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Figure 9. Diffuse reflectance UV-VIS spectra of (a) Fe-imogolite, (b) FeCls/imogolite and
(c) imogolite [23].
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Figure 10. Fe K-edge XANES spectra of (a) Fe-imogolite, (b) FeCls/imogolite and
(c) Fe20s (hematite) [23].
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Figure 11. FT spectra of Fe K-edge k3-weighted EXAFS functions. (a) Fe-imogolite, (b) FeCls/imogolite
and (c) Fe20s (hematite) [23].
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Figure 12. AFM image of Fe-imogolite (a) and section analysis (b). The height profile (right bottom)
shows the height on black line in AFM picture (right top) [39].

3.3. Oxidation of hydrocarbons using Fe-imogolite catalyst

3.3.1. Oxidation of cyclohexene [23]

The oxidation of cyclohexene was carried out using cyclohexene, H2O2 and acetonitrile as a
solvent with catalysts under being stirred at 50 °C for 24 hours. No product was detected
without a catalyst. In the case of imogolite, 2-cyclohexene-1-ol and 1,2-epoxycyclohexane (EP)
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were produced slightly as stated above. EP was also detected in separate experiments using
gibbsite, boehmite and Al2Os as catalysts. Mandelli et al. [40] have reported the epoxidation of
cyclohexene using H202 over Al:Os. It was attributed that these oxidation compounds may be
produced on the outer surface of the imogolite. The oxidation reaction was promoted by Fe-
imogolite and not only alcohol and epoxy compounds but trans-1,2-cyclohexanediol, cis-1,2-
cyclohexanediol and 2-cyclohexene-1-one were also obtained as products.

3.3.2. Oxidation of aromatic hydrocarbon [23, 39]

Phenol is one of the most important chemicals in the fields of fiber and medicine
manufacturing. More than 90% of phenol is produced by the cumen process, which is a
three-step process and produces acetone as a by-product. The development of a one-step
process for phenol synthesis by the direct oxidation of benzene is important when
concerned with green chemistry as an environment-friendly technique. It was found that
benzene or other aromatic hydrocarbons were oxidized by H20: over Fe-imogolite. These
results are described.

The reaction of benzene was carried out using 2 mmol of benzene, 11 mmol of H202 and 10
mL of acetonitrile as a solvent with 100 mg of catalyst under being stirred at 60 °C. The
products were analyzed by GC-MASS. The conversion of H202 was determined by a
volumetric analysis with KMnOa.

Figure 13 shows the results of oxidation reactions of benzene using H202 and compounds
containing Fe. None of the oxidation products were detected without catalysts and with
FeCls/imogolite, Fe2Os3 (hematite) and a-FeOOH (goethite) as a catalyst. It is an interesting
finding that only phenol was obtained as an oxidation product by GC-Mass using Fe-
imogolite [23].

The oxidation reactions of benzene using four solvents were examined. The results are
summarized in Table 2. None of oxidation products were detected in the case of acetic acid
and propionic acid as a solvent. It was found that acetonitrile was the most effective for this
reaction among the examined solvents. Although the solution turned palish yellow using
acetonitrile as a solvent, after the reaction the absorption due to the Fe**ion was not detected
in UV-VIS absorption spectrum. It was suggested that the origin of the coloring could be
phenolic tars that could not detected by GC-Mass. A conversion of H20> was high with all
solvent and H2O: efficiency was 2 % using acetonitrile as a solvent. Thus, the decomposition
of H202 was only caused by using other solvents except for acetonitrile.

The results of the oxidation reaction of aromatic hydrocarbons using Fe-imogolite as a
catalyst are summarized in Table 3 [39]. Hydroquinone and catechol were produced as
products from phenol by the oxidation with H202. 0-Chlorophenol and p-chlorophenol were
produced from chlorobenzene. When the side chain is OH group or CI group, only the
benzene ring was oxidized and the ortho and para isomers were obtained. Benzaldehyde, o-
cresol and p-cresol were produced from toluene. In the case of benzaldehyde, most of the
oxidation product was benzoic acid.
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Figure 13. Results of the oxidation reactions of benzene using Fe-imogolite, FeCls/imogolite, Fe203
(hematite) or FeFOOH (geothite) as a catalyst [23].

Solvent Conversion / % Yield of
benzene H20O: Phenol / %
Acetonitrile 10.6 93 10.6
2-Propanol tr. 99 tr.
Acetic acid 0.0 95 0.0
Propionic acid 0.0 95 0.0

Table 2. The effects of solvents on the oxidation of benzene [39].
Catalyst Fe-imogolite, temperature = 60 °C, time = 6 h, benzene = 2 mmol,
H202 = 11.5 mmol, solvent = 10 mL

When the side chain is a hydrocarbon group such as methyl, both the benzene ring and the
side chain group were oxidized. It was found that the side chain group was more easily
oxidized.

Monfared and Amouei [41] have reported direct oxidation reactions of benzene or some
aromatic hydrocarbon compounds over Fe* loaded ALOs (Fe**-AlLQOs) with H:0: in
acetonitrile. In their system, however, o-cresol and m-cresol as main products were
produced from toluene and no oxidation compounds were produced from phenol. It has
been shown that the oxidation property of a Fe-imogolite catalyst is different from that of a
Fe% - Al2Os catalyst.

3.3.3. Oxidation of cyclohexane [42, 43]

Oxidation of cycloxane under mild conditions have been very interesting and have
attempted widely [44]. Since the oxidation takes place not only on aromatic rings but on
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methyl groups by H20: in acetonitrile over Fe-imogolite catalysts, other organic compounds
such as saturated hydrocarbons could be oxidized under this reaction condition. We
examined the oxidation of cyclohexane using this catalyst.

Reactant Products (Yield* / %)
OH
OH
'§ .
©/ OH HO
phenol catechol (13.7) hydroquinone (15.9)
Cl Cl1
Cl
OH
OH
chlorobenzene p- chlorophenol (9.7) o- chlorophenol (4.8)
~ CH
o
OH
toluene benzaldehyde (5.8) p- cresol (2.2) o- cresol (1.3)

COOH

CHO CHO
™
benzaldehyde benzoic acid (71.7) 2-hydroxy-benzaldehyde (1.7)

Table 3. Oxidation reactions of aromatic hydrocarbons with H20z over Fe-imogolite [39].
*The yield of product is estimated using the ratio of peak area of GC-Mass.
Temperature = 60°C, time = 6 h, reactant =2 mmol, H,O, = 11.5 mmol, solvent = 10 mL
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The reaction of cyclohexane was carried out using 2 mmol of cyclohexane, 10 mmol of H20:
and 10 ml of acetonitrile as a solvent with 50 mg of catalyst under being stirred at 60 °C for 3
hours. The products were analyzed by GC-Mass and GC with FID detector. The oxidation
products were hardly detected without catalysts. With Fe-containing imogolite as a catalyst,
this reaction was promoted and three oxidation products were created. Two compounds
were easily identified by retention time of standard reagents such as cyclohexanone and
cyclohexanol among these products. Another is speculated as cyclohexyl hydroperoxide
from fragmentation patterns in the mass spectrum. It was reported [45] that cyclohexyl
hydroperoxide was prepared efficiently and selectively using cyclohexane and H20: over
Fe* jon-changed montmorillonite. We identified one of the oxidation products as cyclohexyl
hydroperoxide by the compound obtained following this examination. The conversion of
cyclohexane was ca. 25%.

The cyclohexyl hydroperoxide was produced immediately as soon as the reaction started.
Additionally, it was detected only in oxidation reactions with Fe2Os or a-FeOOH as a
catalyst. It was found that cyclohexanone and cyclohexanol were produced via cyclohexyl
hydroperoxide as an intermediate which was obtained by reacting cyclohexane and H202
(Figure 14).

OOH OH
H202
O Fe-imogolite U U O

Figure 14. Oxidation reactions of cyclohexane using H20:2 over Fe-imogolite [42].

4. Conclusion

Fe-imogolite was synthesized using NasSiOs, AICls and FeCls with the atomic ratio Fe /
(Al+Fe) = 0.05 and applied as a liquid-phase oxidation catalyst with hydrogen peroxide.

The XRD profile and FT-IR spectrum of this material were similar to the synthetic imogolite.
AFM images showed fibrous morphology with ca. 2 nm of diameter. UV-VIS and X-ray
absorption spectra revealed the state of Fe* to be in the octahedral coordination. It was
found that Fe-imogolite played as an oxidation catalyst of some hydrocarbons such as
cyclohexane, benzene, phenol, toluene and cyclohexane with hydrogen peroxide. The
oxidation reaction of cyclohexene was promoted by using Fe-imogolite instead of imogolite
as a catalyst. It gave 2-cyclohexene-1-ol, 1,2-epoxycyclohexane, 1,2-cyclohexanediol and 2-
cyclohexene-1-one as products. Phenol was produced by the oxidation reaction of benzene.
The benzene ring in the aromatic hydrocarbons such as phenol, chlorobenzene, toluene and
benzaldehyde was oxidized. Moreover, when the side-chain is a hydrocarbon group, side-
chain group was also oxidized. It could be more easily oxidized than the benzene ring.
Cyclohexyl hydroperoxide, Cyclohexanone and cyclohexanol were obtained as oxidation
products of cyclohexane. It was clarified found that cyclohexanone and cyclohexanol were
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produced via cyclohexyl hydroperoxide. The possibility of Fe-imogolite as an oxidation
catalyst is shown. However, its reaction mechanism has not been clarified yet. It is necessary
to investigation the catalytic properties and the structure of Fe-imogolite further.
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1. Introduction

There has been an extensive interest in developing photo-responsive devices based on
luminescent transition metal complexes (Sato & Yamagishi, 2007). As a promising applicant
for emitting composites, cyclometalated iridium(Ill) complexes are attracting a wide
attention due to their highly emitting properties in a visible region (Lo et al., 2011, Ulbricht
et al., 2009). The lifetime of the excited triplet states is very long (ca. 1 ps) and the quantum
yield attains a value as high as 10 ~ 100 %. These iridium(III) complexes are used for photo-
responsive molecular devices such as photo-diodes and oxygen sensors (Lowry & Benhard,
2006, Sajoto et al., 2009 ). The attempts are based on the fact that energy transfer takes place
efficiently from the triplet excited state of an iridium(IIl) complex to semiconductors or an
oxygen molecule in the triplet ground state.

Clay is an environmentally-friendly ubiquitous material. They are characterized by layered
structures with cation-exchange properties (Ogawa & Kuroda, 1995). Cationic molecules are
intercalated in the narrow galleries between aluminosilicate layers. The materials are used as a
host for various types of photochemical reactions. We recently studied the interactions of
cationic iridium(III) complexes with a colloidally dispersed clay (Sato et al., 2009, 2011a). The
adsorption of iridium(Ill) complexes by a clay was found to result in the drastic enhancement
of emission intensity in an aqueous solution. The attempts demonstrate that emission behavior
often provide a key to monitoring the delicate change of adsorption structures.

Recently the application of clay minerals for photochemical reactions was further extended to
thin-film systems. For such purposes, luminescent Langmuir-Blodgett (LB) films were prepared
by depositing the monolayers of amphiphilic iridium(III) complexes onto a glass substrate (Sato
et al., 2010). The emission properties of a single layered film were studied under vacuum or

I NT EC H © 2012 Sato et licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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under the atmosphere of various gases. As far as our literature survey is concerned, it was the
first report on the Langmuir-Blodgett films consisting of iridium(IIl) complexes with no
additives. This pioneering work, however, revealed several problems concerning the low
stability and poor reproducibility in sensing functions due to their fragile properties.

In order to overcome the above disadvantages, we attempted to construct a hybrid film of an
amphiphilic iridium(III) complex with a clay (Sato et al., 2011b). In these years, the inclusion of
layered materials such as layered niobates, titania and clays has been attempted to enhance the
mechanical strength of a molecular film and stabilizing its sensor function (Acharya et al.
2009). When clay minerals were used, it was expected that the diversity of elemental
compositions of clay sheets might enable us to tune the sensitivity and selectivity of sensing
towards a wide range of target molecules. Motivated by these backgrounds, a LB film was
constructed by hybridizing an amphiphilic cationic iridium(IIl) complex with various clays
such as synthetic saponite, synthetic hectorite, and natural montmorillonite. As a result, a
single layered hybrid LB film was shown to exhibit emission intense enough to study the
interaction of the film with gaseous molecules (Sato et al., 2011b). This work would be a
benchmark to explore a gas sensor based on cyclometalated iridium(IIl) complexes.

2. Interaction of clays with luminescent iridium(III) complexes

2.1. Metal ion sensing by luminescence

Cationic cyclometalated iridium(Ill) complexes were used as an emitting adsorbate by a
clay. We synthesized an iridium(Ill) complex, [Ir(ppy)2dmbpy]PFs (ppyH = 2-
phenylpyridine and dmbpy = 4,4’-dimethylbipyridine: Chart 1) (denoted by [Ir(III)Li]
complex), according to the reported method (Lowry & Benhard, 2006). Synthetic saponite
(Kunimine Ind. Co.; (Siz20Aloso)(Alo0sMg5.97)O20(0OH)4Nao7z (CEC: 75 meq/100g) or sodium
montmorillonite (Kunipia-P, Kunimine Ind. Co.; (SiznAloso)(Als12Mgo.esFeo.19)O20(OH)s)
(Nao4Mgpoa4) (CEC: 115 meq/100 g ) was used as a host material. Adsorption was carried out
by mixing a solution of the [Ir(III)Li] complex with a clay suspension within 10 milliseconds
by means of a stopped-flow apparatus. This procedure guaranteed the uniform adsorption
of the metal complexes over clay particles particularly at low loading.

H3C CHs HaC CHs

A-[Ir(ppy)2(dmbpy)]* (left) and A-[Ir(ppy)2(dmbpy)]* (right) (ppyH = 2-phenylpyridine and dmbpy = 4,4’-dimethyl-
2,2’-bipyridine).

Chart 1. Chiral structures of [Ir(ppy)2dmbpy]*
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In case of synthetic saponite, the luminescence spectra were measured under air on an
aqueous dispersion containing [Ir(Il[)L1] complex and various amounts of a clay. Notably
quantum yield (®) increased from 0.04 to ca.1.0 with the increase of an added clay even in an
aqueous dispersion as shown in Fig. 1. The main cause for the increase of ® might lie in the
elimination of water molecules in the vicinity of the [Ir(IIl)Li] complexes located on a clay
surface. The structural fixation of a flexible ligand (dmbpy) in the [Ir(II)L1] complex could be
another factor. The introduction of air had little effects on ®. The fact was in marked contrast
with the homogeneous media, in which oxygen molecules quench the excited complexes
efficiently. Thus a clay provided such a site as protected from quenching by oxygen molecules.
The emission intensity continued to increase even after the equivalent amount of a clay and
attained the maximum value around [clay]/[Ir(IIl)L1] = 10. This might reflect that the adsorbed
complexes were in an isolated state, being free from the self-quenching among them.

450 500 550 600 650 700
Wavelength /nm

Figure 1. The effect of synthetic saponite on the luminescence spectra of [Ir(bpy)2dmbpy]+under
degassed condition. The excitation wavelength was 430 nm. The concentration of [Ir(II)Li] complex was
1x10°M and clay (A) 0.0 M, (B) 1.0x105 M, (C) 4.0x10-* M and (D) 1.0x10# M . The lowest dotted curve
was an emission spectrum for the absence of a clay. A solvent was 3:1(v/v) H.O/CH3OH.

The effect of a clay on the transient behavior of excited [Ir(III)L1] complexes was studied by the
lifetime measurements under various conditions. Under air, the decay profile was composed
of at least two components. This suggested that there were more than two kinds of adsorption
states. For example, a part of the complexes were in the interlayer space and the other on the
external surface of a clay. If it was the case, the latter state was more easily quenched by
oxygen molecules in correspondence to the shorter component of life time. Under argon
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atmosphere, the decay profile for a clay dispersion changed to a single exponential curve
whose lifetime was nearly equal to the longer component under air. This was reasonable since
the Ir(IlI) complexes on an external surface were no more quenched by oxygen molecules.

In case of sodium montmorillonite, the emission quantum yield (®) of the complex decreased
by adsorption on a clay particle. The behavior was ascribed to the quenching by Fe(Ill) ions
located in a layer and partly by water molecules as shown in Fig. 2. Interestingly @ recovered
by adding alkali or alkaline-earth metal ions to a clay suspension. The results were rationalized
in terms of the model that the quenching by Fe(Ill) ions. The effect of metal ions on the
recovery of luminescence indicated that bound metal ions diminished the quenching ability of
water molecules. It was suggested that the adsorption of metal ions hydrated water molecules
on the clay surface. Such hydration might deprive water molecules of quenching ability
towards the [Ir(Ill)Li] complexes. If that is the case, the effect is thought to be critically
dependent on the charge of the metal ion, because the hydration is stronger for metal ions of
higher valence. The fact that alkaline earth metal ions were more effective than alkali metal
ions was in accord with this view. It should be emphasized that the influence of metal ions as
observed here appeared at concentrations as low as 10° M. No work has ever revealed such
hydration effects by metal ions at such a low concentration. Highly emitting properties of the
present [Ir(III)Li] complex enabled us to detect the effect under those extreme conditions. From
a practical point of view, the present finding may open the possibility of developing the
sensing of metal ions by use of the emission from a clay-metal complex adduct.
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Figure 2. Luminescence spectra of an aqueous dispersion containing [Ir(ppy)2dmbpy]* (6.5x10-¢ M) and
various amounts of clay ((A) 0.0 M, (B)1.5x105 M (C) 1.8x10-4 M). The maximum loading of [Ir(IIT)L1]
complex was 5.4 % with respect to the CEC of clay.
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2.2. Enantioselective sensing by luminescence

Clay minerals have been also applied as a host in the photochemical reactions involving
optically active molecules (Fujita et al., 2006). It should be noted that enantioselective
luminescence quenching is a dynamical recognition phenomenon (Inoue, 1992, Tsuchiya et
al., 2009). The discrimination of chirality is accomplished within the short lifetime of an
excited molecule. Clay may assist the emitter to orient preferably for the stereoselective
attack by a quencher. If the emitting properties of the [Ir(IlI)Li] complexes are connected
with their chiral structures, it may open a possibility for luminescent chiral sensing. Under
these backgrounds, a clay mineral is used as a host to fix the orientation of an iridium(III)
complex towards a quencher (Sato et al., 2011a).

The highly emitting properties of the iridium complex bound by a clay prompted us to
investigate the possibility of stereoselective energy transfer. The optical resolution of a
cationic iridium(III) complex, [Ir(ppy)2dmbpy]* (Chart 1), was attempted by several ways
such as anionic resolving reagent and chiral adsorbents (Chen et al., 2007). The only
successful method was to use an ion-exchange adduct of a clay and chiral [Ru(phen)s]?*
(phen = 1,10-phenanthroline) as a resolving agent. As a chiral quencher, a tris(B-
diketonato)ruthenium(IIl), [Ru(acac)s] (Chart 2), was chosen.

The emission intensity at 650 nm was compared between two systems, clay/A-[Ir(III)Li] /A-
[Ru(acac)s] (pseudo-enantiomeric combination) and clay/A-[Ir(Ill)L1]/A-[Ru(acac)s] (pseudo-
racemic combination), in 3:1 (v/v) water-methanol. In both cases, the intensity of emission
decreased on adding [Ru(acac)s], indicating that Ru(Ill) complex acted as an efficient quencher
in these systems. The quenching effect was analyzed in terms of the Stern-Volmer plots (Eq.
(1)). It was apparent that luminescence quenching was more efficient for the clay/A-[Ir(III)Li]
/A-[Ru(acac)s] system than for the clay/A-[Ir(III)L1] /A-[Ru(acac)s] over the whole concentration
range. The plots showed the tendency of leveling off at the higher concentration of the
quenchers. The curves were fitted by the two-site model as given by Eq . (2):

I K
0 q
—=1+—[P, 1
poLetin, ] (1)
Here, ky and kr are the bimolecular rate constant of quenching and the unimolecular rate
constant of spontaneous luminescence, respectively.

Iy 0 h . h =
I 1+K_,P, 1+K_,P,
i+ =1 @)

sto = fl Xstl +f2 XKSZ}Z

in which Io, [, f1, f2, Po, Ksvi and Ksv2 denote the emission intensities in the absence of and in
the presence of a quencher, the fractions of processes 1 and 2, the concentration of a
quencher and the Stern-Volmer constants for the processes 1 and 2, respectively. K« is the
overall Stern-Volmer constant.
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Chart 2. Chiral structures of [Ru(acac)s] as a quencher: A—[Ru(acac)s] (left) and A—[Ru(acac)s]
(right)

|
Rlu

B

In order to confirm the existence of stereoselectivity, we performed the same experiments
for the opposite emitter/quencher combinations or the clay/A-[Ir(IlI)L1] /A-[Ru(acac)s]
(pseudo-enantiomeric combination) and the clay/A-[Ir(IlI)Li] /A-[Ru(acac)s] (pseudo-racemic
combination). From the Ksw obtained from Eq. 2, the overall selectivity factor, which is
defined to be the ratio of Kswo(A—A or A—A)/ Kswo(A—A), was obtained to be 1.84 in favor of the
pseudo-enantiomeric combination. The quenching reaction was not a simple collisional
process, but it might involve the process of molecular association on a clay surface. It was
added that no stereoselectivity was detected in methanol for the same emitter/quencher
pairs. Thus the fixation of the iridium(III) complex on a clay surface was concluded to be a
crucial step for chiral recognition as shown in Scheme 1.

+ g5 .. o4 Jt
3 2 o909, e,
ot , ., B9 Je B
l‘"l- ‘-\JJJ" 4 9 ‘%J o .‘.‘; :J 2
w_ a3 s _ P d“ Fl
gy & ’
AT A
3k ol
‘” -, &

Scheme 1. A model of chiral sensing by [Ir(III)L1] complexes adsorbed on a clay surface

3. Preparation of thin films of clays by the Langmuir-Blodgett (LB)
method

The photochemical reactions involving clay minerals were further extended to thin film
systems. In such attempts, the preparation of thin films with uniform properties is
essentially important to achieve well-defined reaction systems. Yamagishi et al. first
reported the nanometer-thick films of an ion-exchange adduct of a clay (synthetic saponite)
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and an alkylammonium cation (trimethylstearylammonium) as prepared by the Langmuir-
Blodgett method. (Inukai et al., 1994). For preparing such a film, the ion-exchanged adduct
of a clay-alkylammonium is dispersed in chloroform and spread over the surface of pure
water. According to the method, a layer-by-layer film was prepared in such a way as donor
and acceptor molecules were intercalated in an alternative order. It was revealed that a
single clay layer acted as an efficient barrier in the transfer of photon energy. For example,
the photoinduced electron-transfer was studied from an amphiphilic polypyridyl-Ru(II)
complex (electron donor) to an amphiphilic acetylacetonato-Ru(Ill) complex (electron
acceptor). Recently the method was called as “ Clay LB Method”(Tamura et al. , 1999, Ras et
al., 2009). We have been attempting to improve the “ Clay LB Method” in order to develop
nano-structured photodevices based on clay minerals (Sato et al., 2005).
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Chart 3. The structure of [Ir(ppy)2(dc18bpy)]*

An amphiphilic cyclometalated iridium(Ill) complex, [Ir(ppy)2(dcl8bpy)]ClOs (ppy = 2-
phenylpyridine; dc18bpy = 4,4"-dioctadecyl-2,2’-bipyridine) (denoted by [Ir(III)L2] (Chart 3)),
was prepared by refluxing [Ir(ppy):Cl]2 with an equal amount of dc18bpy in glycerol at
170 °C for 8 hours. The compound was purified chromatographically by being eluted on
an HPLC column (MG (Shiseido Inc. Ltd.)) with chloroform. The Langmuir-Blodgett (LB)
method has been applied for preparing a thin clay film as shown in Scheme 2. The details
of preparation is described below. A LB trough with an area of 10.0 cm x 13.0 cm is
maintained at 20°C by circulating water. The clays used can be synthetic saponite or
sodium montmorillonite or synthetic hectorite (Sis.oo)(MgssoLio30)O2(OH)4) (Naoro). A
chloroform  solution of an  amphiphilic cationic iridium(Ill)  complex,
(Ir(ppy)2(dcl8bpy)]ClOs (3.2x10-° molL"), is spread onto an aqueous suspension of a clay
at various concentrations. As a reference, the same solution is spread over pure water. A
floating monolayer is formed on the surface of a subphase. The surface pressure versus
molecular area (n-A) curves is obtained by compressing the monolayer. Figure 3 shows
the example for n-A curves with 0 mgL-, 10 mgL" and 20 mgL"! of synthetic saponite. In
all cases, surface pressure levels off from zero in the region of the molecular area below
0.5 -1.5 nm? per molecule. A critical molecular area (Sc) is obtained by extrapolating the
linear portion of each mn-A curve to zero surface pressure. Both Sc changes significantly,
when a subphase of pure water is replaced with a clay suspension. Moreover the slope of
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n-A curve becomes steeper by this replacement, indicating that the floating films are more
rigid on hybridization with clay particles. These facts support the occurrence of
hybridization of a molecular film of [Ir(IlT)L2] complex with clay particles at an air-water
interface. In these cases, 10 mgL" of clay is concluded to be the best condition for the rigid
films. Since the sectional area of the head groups of the present complex is estimated to be
ca. 1 nm? on a molecular model, a floating film is concluded to be composed of the
monolayer of the metal complex.
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Figure 3. The surface pressure versus molecular area (n-A) curves when a chloroform solution of
[Ir(ppy)2(dcl8bpy)]ClOs was spread over a subphase of (A) pure water, or (B) synthetic saponite (10 mg
L) or (C) synthetic saponite (20 mgL-).
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4. Structures and properties of clay LB films

This section describes how the structure of a LB clay film is studied. After 30 min, the
surface was compressed at a rate of 10 cm? min'! until the surface pressure reached 10 mNm-
1. A floating film was transferred at 10 mNm™ onto a hydrophilic glass plate or silicon by the
vertical method at a dipping rate of 10 mm min-'. The transfer ratio was estimated to be 0.9 +
0.1 for all cases. The AFM images of the deposited film showed the presence of particles
with the characteristic shape depending on the kind of clay. They definitely demonstrated
the inclusion of clay particles in the deposited films. In case of synthetic saponite, for
example, the film was composed of spherical domains with the diameter of ca. 50 nm, which
indicated the presence of saponite particles. [Ir(IlI)L2] complexes were thought to be
attached uniformly by the particles. In case of synthetic hectorite, the flat regions with the
height of ca. 2 nm were observed, indicating the inclusion of hectorite particles. Small
domains were observed on such a flat region, which corresponded to the aggregated states
of [Ir(IIll)L2] complexes. In case of montmorillonite, the films were covered with flat particles
in various shapes. The thickness of the flat particle was estimated to be ca. 2 nm. Subtracting
the thickness of one clay layer (1 nm) from this value, the height of an iridium(IlI) complex
was estimated to be 1 nm. This was less than one-half of the molecular length of the iridium
complex along the long alkyl chains. Thus these complexes were thought to be adsorbed
with their alkyl chains declined from a clay surface.

5. Application of clay-iridium(III) complex LB films for photo-sensing
5.1. Emission properties of the deposited hybrid LB films

The emission behavior was investigated on a hybrid film of an [Ir(III)L2] complex and a clay
as prepared by the LB method. For measurement of emission spectra from a LB film, a glass
substrate was placed in a quartz cell at 45 degrees with respect to the incident light (Scheme
3(a)). A gas was introduced into the cell after it was evacuated below 0.1 m torr. The
emission spectra was measured under vacuum at room temperature when these substrates
were irradiated by a light at 430 nm (Scheme 3(b)).
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Scheme 3. (a) A quartz cell containing a substrate modified with a LB film; (b) Experimental set-up of
measuring an emission spectrum from a film in a quartz cell
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The emission peak was slightly dependent on the kind of hybridized clay: 550 nm for
synthetic saponite, synthetic hectorite and montmorillonite, and 535 nm for without clay,
respectively. The emission intensity was nearly doubled for hybridization with saponite in
comparison to that of without clay. Since these films contained nearly the same amount of
[Ir(III)L2] complexes as in the film without clay, the increase was thought to be caused by the
interaction with a clay surface. Figure 4 shows the emission spectra of [Ir(Ill)L2]/synthetic
saponite and [Ir(IlI)L2]/pure water. The complexes formed a mono-molecular layer on a clay
surface, while they were coagulated to form a multi-molecular layer in the pure LB film.
Thus the self-quenching by neighboring molecules would be reduced on a clay surface in
comparison to the pure LB film. Among the hybrid films, no enhancement of emission
intensity was observed for montmorillonite, probably because Fe(Ill) ions in a clay layer had
an effect of quenching excited iridium(IIl) complexes.
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Figure 4. Emission spectra from (a) [Ir(III)L2]/synthetic saponite and (b) [Ir(III)L2]/no clay: oxygen

pressure was (a) vacuum, (b) 3.7, (c) 9.0, (d) 31.4 and (e) 101.3 kPa, respectively. The films were

prepared for an aqueous dispersion containing 10 mg L' of synthetic saponite. The excitation

wavelength was 430 nm.

5.2. Quenching effects by oxygen and other gaseous molecules

In order to pursue the possibility of applying a clay hybrid films for oxygen sensing, the
effect of oxygen gas was studied on the emission behavior. The emission of
[Ir(III)L2]/montmorillonite in air was shown in Fig.5. An oxygen gas was introduced into a
quartz cell containing a glass substrate modified with a single-layered hybrid LB film. The
emission decreased rapidly until it attained the stationary value within a few seconds. It
recovered to the initial value by evacuating the oxygen gas. The results implied that the
electronic energy of the [Ir(IlI)L2] complex in the excited triplet state transferred efficiently
to an oxygen molecule in the triplet ground state, leading to the formation of a singlet
oxygen molecule. As shown in the Figures 4 and 6, the quenching phenomena were
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observed at the various oxygen pressures. The decrease of emission intensity was evaluated
as a function of oxygen pressure. Io/I is plotted as a function of oxygen pressure ([Poz]). Here
I and lo denote the luminescence intensity at 550 nm with and without a quencher,
respectively. The plots were analyzed according to the equation (Stern-Volmer plots Eq. (1))
The experimental plot did not obey a linear relation but curved downwards at the higher
pressure region. The effect was interpreted in terms of the presence of different types of
oxygen quenching sites. Assuming that there were two sites for quenching, the curves are
fitted by Eq. (2). Comparing the weighted quenching constant among four films, hybrid
saponite LB film showed the highest sensitivity towards Ox.

Figure 5. Emission from an [Ir(III)L2]/montmorillonite LB film deposited on a quartz substrate in air.
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Figure 6. Dependence of the change of emission intensity on the vapor pressure of oxygen gas for (A)
[Ir(IIT)L2]/synthetic saponite and (B) [Ir(Il[)L2]/no clay. The excitation and emission wavelengths were
430 nm and 550 nm, respectively. The luminescence intensity was recorded at 535 nm for [Ir(III)L2]/no
clay. Curves were fit by two-site model proposed by Eq. (2).

For other gases such as water, ethanol, acetone and chloroform, similar experiments were
performed on the hybrid LB films of various clays. All these gases acted as a quencher in
deactivating the excited iridium(III) complexes. Since these molecules were in the singlet states
in contrast to an oxygen molecule, they were assumed to relax the electronic energy of an
excited iridium(Ill) complex non-radiatively through their vibration energy levels. The time
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course of the emission intensity was dependent on the kinds of clays remarkably (Fig.7). For
the case of [Ir(IlI)L2]/montmorillonite, for example, the signal was reversible for introducing
and evaporating gases. The results were consistent with the uniform adsorption of iridium(III)
complexes on the clay particle as observed in the AFM image. For the case of
[Ir(II)L2]/synthetic hectorite, however, methanol and acetonitrile increased emission intensity
instead of acting as a quencher. The results suggested that the self-quenching among [Ir(III)L2]
complexes decreased by the inclusion of the gas molecules. The disordering of the alkoxy
chains might result in the decrease of quenching among the neighboring [Ir(III)L2] complexes
in the film. It was noted that a small molecule with functional group such as -OH, >C=0, CN
and -Cl quenched the excited [Ir(Ill)L2] complexes efficiently, while molecules with no-
functional group such as cyclohexane affected little the emission from the hybrid films. Thus
the energy relaxation into vibration energy levels occurred exclusively through the specific
interaction of the [Ir(Il[)L2] complexes with these functional groups.
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Figure 7. Effects of gases on the time course of the emission intensity for the singly deposited hybrid LB
films: (a) [Ir(IIT)L2]/synthetic saponite, (b) [Ir(II[)L2]/synthetic hectorite and (c)
[Ir(III)L2]/montmorillonite. The luminescence intensity was measured at 550 nm, respectively. The
following gases were used: oxygen, water, methanol, ethanol, acetone, acetonitrile, chloroform and
cyclohexane. 101.3 kPa of oxygen was introduced. In other gases, about one-third of their saturation
vapor pressure was introduced. The films were prepared for an aqueous dispersion containing 10 mg L-1
of clay. The excitation wavelength was 430 nm.

For comparison, the effect of an oxygen gas on the luminescence was studied for the cast
film of saponite ion-exchanged with the [Ir(III)L2] complex. The quenching effect was much
less efficient than that for the LB films. The results were reasonable, considering the
situations that only a small portion of [Ir(III)L2] complexes were located on the external
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surface of the film. In this sense, the sensitivity for sensing gas molecules was remarkably
enhanced by constructing a LB film with nanometer thickness.

6. Conclusion

The hybrid Langmuir-Blodgett (LB) films of an amphiphilic iridium(Ill) complex,
[Ir(ppy)2(dcl8bpy)]*, and clays (synthetic saponite, synthetic hectorite, and sodium
montmorillonite) were prepared. A glass substrate was modified with a single layered LB
film and placed into a quartz cell. Luminescence was monitored under the atmosphere of
various gases. An oxygen gas, for example, quenched the emission from excited iridium(III)
complexes linearly in the pressure range of 0 - 30 kPa, while the quenching effect was
saturated above 30 kPa, The results indicated the occurrence of adsorption saturation of
oxygen molecules into the film. Other gases with functional groups also quenched the
luminescence efficiently. These results demonstrated the potentiality of the present hybrid
LB films as a gas sensing device.
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Application of Electrochemistry for Studying
Sorption Properties of Montmorillonite
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1. Introduction

Electrochemical methods have been used for studying clay minerals to a limited extent in
comparison with X-ray diffraction, infrared spectroscopy, thermal analysis etc. However, so
called “clay electrodes” have become individual and indisputable part of electrochemistry [1
- 8] since the first electrode modified with clay mineral was described in 1983 [1].
Voltammetry on clay electrodes has found its role in the research of clay minerals and their
properties, especially ion-exchange and sorption. A thin layer of inorganic material — clay
mineral - on the electrode surface does not possess the significant isolating properties thus
charge transport proceeds on the clay electrode. The electrode covered with the clay mineral
film enables to study the electrode processes and surfaces. By means of the standard
electrochemical methods, transport of charge through the clay layer, the sorption and ion-
exchange processes in the clay minerals structure can be studied, too. Accumulation of the
electroactive compounds into the clay mineral can be successfully used in electroanalysis [7,
9].

Possibilities of electrochemistry in the study of clay minerals by the clay modified electrodes
have been in detail stated in the reviews of A. Fitch and her colleagues [3 - 5]. Very
interesting opinion concerning the clay mineral structure is presented in the work dealing
with study of flow and transport of compounds through the clay film [5]. The clay structure
due to its layers charge forms an electrically charged interphase clay - liquid, thus electric
double-layer exists on the surface of the clay minerals particles. The processes taking place
in the double-layer are considered to be analogous to those in the interphase electrode —
solution. The transport mechanisms in the charged media can be studied by the similar way
— for example electroosmosis, electromigration or conductivity. These phenomena study has
a practical significance in the electrochemical renewal of the soils contaminated with metals
[5], for example the technology for elimination of As, Cu, Cd, Cr, Pb, and Zn from the
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localities impacted with the dangerous wastes. Of course, the technology is suitable in the
case of the metals ions able to participate in the ions reactions and to migrate. An advantage
of the electrochemical removing of metals consists in the low financial costs and the
insignificant environmental impact in comparison with the technologies based on extraction
vaporization or exhaustion.

Cyclic voltammetry on the clay modified electrodes has been used to study the sorption
properties of clay minerals. Repetitive (multisweep) cyclic voltammetry on the clay
modified electrode exhibited dependences similar to the sorption isotherms [8]. A
consecutive occupation of the ion-exchange sites in the structure of clay mineral by an
appropriate compound results in a potential shift in comparison with the unmodified
electrode. With increasing concentration of sorbate the potential shift exhibits curves in the
shape of the sorption isotherms which can be used to evaluation of an extent of the ion-
exchange or sorption process. Sorption of metals cations on montmorillonite, vermiculite
and kaolinite was studied by means of multisweep cyclic voltammetry on the carbon paste
electrodes modified with these clays [10]. Similarly to [8] the current response dependences
on the cycling time exhibited the same course as the sorption isotherms. The dependences
enable to distinguish an extent of sorption of the individual cation and an ability of clay
mineral to adsorb the given cation, of course only in the first approximation. For example,
the highest sorption of copper was found in the case of montmorillonite, which was used for
determination of Cu [11]. The current vs. time dependences obtained by multisweep cyclic
voltammetry on the montmorillonite modified carbon paste electrodes were used for
determination of the Cu(Il) adsorption kinetics [12]. Adsorption of Cu(ll) on the various
types of montmorillonite was found to be in accordance with the second order model, the
experimental values of the maximum current correlate to those calculated from the
supposed equation of the kinetics. Cation exchange of Ag(l) and Ca(Il) studied on the
carbon paste electrode modified with vermiculite showed to be a dominant process of the
cations sorption; the simplified model was worked out and equilibrium constant of the Ag(I)
ion exchange was determined [13]. The equilibrium constant value was in a good agreement
with the constant determined by other method.

In spite of the lower anion exchange capacity of clay minerals in comparison with the cation
exchange capacity the exchange of the complex anions [Hg(ac)s]*, [HgCls]*, and [HgCls] (ac
— acetate) was proved on the carbon paste electrodes modified with montmorillonite and
vermiculite [14] and it was used for determination of Hg [15]. The same mechanism was
found in the case of [Au(Cl)s]- on the montmorillonite modified carbon paste electrode [16],
which was also used in the electroanalysis [16, 17]. The lower anion exchange ability of clay
minerals is caused by presence of the negative charge of layer. It is supposed, that the anion
forms of compounds are “repelled” and they are not gripped in the interlayer [4]. A suitable
chemical modification of clay minerals can enhance their affinity to anions. This so called
“tunning charge selectivity” has been applied in the field of clay electrodes [18]. For
example, smectite with bound propylamine groups exhibited the higher ability to
accumulate anion [Fe(CN)s]* due to protonization of amine groups. The originally cation-
exchange smectite was “tunned” to anion-exchange.
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Clay minerals represent the significant natural matrix in the soil medium, which participate
in many geochemical processes both natural and those connected with transport and
behaviour of the anthropogenic compounds in the soils. Interactions of clay minerals with
metal and organic compounds influence their activity, transport, and biological availability.
The electrodes modified with clay minerals can serve as a model suitable to study some soil
processes connected with clay minerals. The carbon paste electrode modified with
vermiculite was used as a model of soil fraction to study the binding interactions of Cu(II)
with vermiculite [19]. The selected pesticides and their influence on sorption of Cu(Il) on
vermiculite were studied. The noncomplexing ligands such as fenamiphos, fenmedipham,
and atrazine did not exhibited any influence on the Cu(Il) ions sorption. The compounds
such as desethylatrazine, desizopropylatrazine, and desethyldesizopropylatrazine do not
bind on vermiculite, but they decrease the Cu(Il) sorption due to formation the coordination
compounds with Cu(ll). Apart from the determination of these influences on the metal
sorption on clay mineral kinetic and thermodynamic aspects of the sorption processes can
be characterized by this way. A soil organo-clay complex — clay humate — is formed by
interaction of natural organic matter based on humic and fulvic acids with the clay particles
surfaces. The humic adsorbates significantly change properties of clay minerals which
influenced their reactions with both natural and anthropogenic substances. The carbon paste
electrode modified with the prepared clay humates was used for characterization of the clay
minerals reactions with Cu(Il) in comparison with the origin clay minerals [20]. Cyclic
voltammetry on these electrodes distinguished various types of the clay humates, the
obtained results were proved by X-ray diffraction study of the clay humate structures.

Organo-clay modified electrodes represent a new type of clay modified electrodes similar to
those with clays grafted with the suitable organic function groups [18, 21, 22]. Similarly as
the above mentioned “tunning charge selectivity”, cation-exchange ability of clay can be
changed to anion-exchange ability due to the cationic surfactants adsorbed onto the clay
structure [23]. Clay minerals intercalated with alkylammonium cations (cationic surfactants)
exhibit the higher affinity to organic compounds. For example, montmorillonite intercalated
with hexadecyltrimethylammonium as a modifier in the carbon paste electrode was able to
adsorb pesticides isoproturon, carbendiazim, and methyl parathion [24], which showed to
be suitable for stripping voltammetric determination of these pesticides in soil and water.
Preconcentration of phenol on glassy carbon electrode modified with film of hydrotalcite-
like clay containing surfactant sodium octyl sulfate, sodium dodecyl sulfate, or sodium
dodecylbenzenesulfonate [25] as well as octylphenoxypolyethoxyethanol or cetylpyridinium
bromide [26] was studied. The electrodes exhibited good sensitivity and reproducibility of
phenol determination [25]. Carbon paste electrode modified with montmorillonite
exchanged with hexadecyltrimethylammonium bromide was successfully used to determine
4-chlorphenol in water samples [27]. Sorption of Hg, Cd, Pb, Cu, and Zn on montmorillonite
intercalated with hexadecyltrimethylammonium cations resulted in use of this organo-
montmorillonite as a carbon paste modifier [28]. This organo-montmorillonite loaded with
1,3,4-thiadiazole-2,5-dithiol exhibited an excellent selectivity for Hg(II) ions in presence of
other ions. The carbon paste electrode modified with these 1,3,4-thiadiazole-2,5-dithiol-
organo-montmorillonite provides a selective sensor for the mercury determination.
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The examples mentioned above have at least one common denominator: processes are
accompanied by changes of charge on or inside materials. The measurement of zeta
potential is one of the methods which provide to obtain imagination about character of the
particle surface itself and then also about the processes running on this surface (e.g.
adsorption, ion exchange, modification). The experiments connected to the zeta potential
measuring represent a factor helping to explain the principles of interactions between
surface and its surroundings. As an example heavy metals adsorption on clay minerals
(heavy metals removing) or surfactant adsorption on carbonaceous materials (flotation of
coals) can be mentioned. The zeta potential knowledge can be also applied in the field of
oxidative catalysts, pigments, waste slurries, etc. [29 — 31].

Clay minerals are very often characterized by measurement of the zeta potential. One of the
most common measurements is monitoring the zeta potential changes with changing the pH
value. This monitoring is performed by titration of montmorillonite, illite, and chlorite by
hydrochloric acid and sodium hydroxide. The dependence of the zeta potential on pH
exhibited a typical form. The acid addition led to increase of the zeta potential, on the
contrary increase in pH (addition of base) caused decrease of the zeta potential. The
individual clay minerals exhibited differences arising from the structure and chemical
composition of the studied samples. The most significant change of pH came up in the case
of chlorite and it was also the only one clay mineral where the isoelectric point was
determined (pH=5) [32]. Knowledge of the zeta potential value at the given pH is necessary
for understanding the processes running on the surfaces.

The adsorption of heavy metals and metal oxides on the surface of clay minerals plays an
important role as well. Sorption of iron and aluminium on the surface of illite,
montmorillonite and kaolinite led to reduction of the negative charges on the particle
surface so that the isoelectric point of these minerals was shifted to the higher values of pH
[33].

The zeta potential of zeolites was examined in connection to the sorption of heavy metals on
these adsorption materials. Dependence of the zeta potential on pH was influenced by
concentration of a bulk electrolyte (NaNO:s). As the concentration of NaNOs was increasing
the value of the zeta potential was increasing as well. That fact is explained by change of
thickness of double-layer caused by ionic strength of solution. These changes consequently
influenced the adsorption of heavy metals (Pb, Cu, Cd, and Zn). The highest adsorption
capacity was found in water [34].

The surfactant molecules generally adsorb in the interfaces between two bulk phases such as
solid-liquid or electrode-solution [35]. When adsorbing on solid an ionic surfactant exhibits
the surface charge. Zeta potential is one of few effective techniques for characterization of
the surface charge as well as the surface chemical properties of solids in solution and for
understanding the changes on the solid surfaces. The zeta potential values correspond to the
quantity and quality of functional groups on the surface [36].

The work deals with use of the montmorillonite modified carbon paste electrodes for
studying of the Cu(Il) sorption on two types of montmorillonite - montmorillonite SAz-1
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and montmorillonite SWy-2 - and their organo-derivatives containing alkylammonium
cations - hexadecyltrimethylammonium, benzyldimethylhexadecylammonium, and
hexadecylpyridinium. The zeta potential measurement was used to characterize the Cu(II)
and hexadecyltrimethylammonium cation sorption on montmorillonite.

2. Experimental part
2.1. Materials and chemicals

Montmorillonites of two types — montmorillonite SAz-1 (MMT,SAz-1) (Apache County,
USA) and montmorillonite SWy-2 — (MMT,SWy-2) (Crook County, USA) were provided
from The Clay Minerals Society, Source Clays Repository (USA). The fraction used for all
experiments consisted of 80 % of particles below 5 pm (Fritsch Particle Sizer Analysette 22,
Fritsch GmbH, Idar-Oberstein, Germany). Another sample of montmorillonite MMT,Wy
(deposit Wyoming) was obtained from an older collection of colleagues from Institute of
Geonics, CAS Ostrava.

Cation exchange capacity (CEC) was calculated as the sum of cations exchanged with NHa*
ions during leaching per gram of montmorillonite [14]. The CEC values were 56 cmol(+)/kg
and 76 cmol(+)/kg for MMT,SAz-1, resp. MMT,SWy-2. Mineralogical characterisation was
performed by infrared spectrometry and X-ray diffraction [37]. The montmorillonite
samples were classified as pure montmorillonites without any admixture of other minerals
including quartz.

Organo-montmorillonites were prepared by intercalation of three alkylammonium cations.
Hexadecyltrimethylammonium bromide (HDTMABr) (Sigma-Aldrich), benzyldimethyl
hexadecylammonium chloride (BDHDACI) (Fluka), and hexadecylpyridinium bromide
(HDPBr) (Sigma-Aldrich) of analytical reagent grade were used to prepare the modified
montmorillonites MMT,SAz-1-HDTMA, MMT,SAz-1-BDHDA, MMT,SAz-1-HDP),
MMT,SWy-2-HDTMA, MMT,SWy-2-BDHDA, MMT,SWy-2-HDP.
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Figure 1. Structures of the used alkylammonium cations
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All the chemicals used (sodium acetate and acetic acid for preparation of the background
electrolyte as well as sodium hydroxide and hydrochloric acid for measurement of zeta
potential) were of analytical grade (Merck, Darmstadt, Germany). The sorption solutions of
copper were prepared from Cu(NOsz)23H20 (Lachema Neratovice). The Cu standard for
AAS (Cu) (Fluka) was used for AAS analysis. Stock standard solutions of Cu for
voltammetry were prepared from Titrisol standards (Merck, Darmstadt, Germany).

3. Procedures

3.1. Preparation of carbon paste electrodes

Carbon paste electrodes (CPEs) modified with either montmorillonites or their organo-
derivatives were prepared by the standard procedure [7]. Flake graphite and paraffin oil
(Nujol) were thoroughly mixed; in the case of the modified CPEs, an appropriate amount of
modifier was added to the graphite before mixing it with oil. A ratio of graphite or the
admixture of graphite-modifier to oil was 2.5. The modifier content in the prepared carbon
pastes was 10 %, (w/w). The electrodes modifier was before mixing to the carbon paste
previously saturated with water vapour, which ensured that the modifier was sufficiently
wet but without excess water. No activation and regeneration of the electrode surface
prepared in such a way was necessary. The surface was easily renewed by extruding a very
small amount of paste and by polishing it on a plastic sheet or scratchboard.

The following carbon paste electrodes were prepared:

- CPE(0) — unmodified carbon paste electrode

- CPE(MMT,SAz-1) - carbon paste electrode modified with 10 wt.% (mass %) of
montmorillonite SAz-1

- CPE(MMT,SAz-1-HDTMA) — carbon paste electrode modified with 10 wt.% (mass %)
of HDTMA-montmorillonite SAz-1

- CPE(MMT,SAz-1-BDHDA) - carbon paste electrode modified with 10 wt.% (mass %) of
BDHDA-montmorillonite SAz-1

- CPE(MMT,SAz-1-HDP) — carbon paste electrode modified with 10 wt.% (mass %) of
HDP-montmorillonite SAz-1

- CPE(MMT,SWy-2) - carbon paste electrode modified with 10 wt.% (mass %) of
montmorillonite MMT,SWy-2

- CPE(MMT,SWy-2-HDTMA) — carbon paste electrode modified with 10 wt.% (mass %)
of HDTMA-montmorillonite SWy-2

- CPE(MMT,SWy-2-BDHDA) - carbon paste electrode modified with 10 wt.% (mass %) of
BDHDA-montmorillonite SWY-2

- CPE(MMT,SWy-2-HDP) — carbon paste electrode modified with 10 wt.% (mass %) of
HDP-montmorillonite SWy-2

3.2. Cyclic voltammetry

Multisweep cyclic voltammetry (MCV) on the modified CPEs was performed on EKO-
TRIBO-Polarograph (EKOTREND, Prague, Czech Republic). A three-electrode cell was
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equipped with a carbon paste electrode (CPE) (working), an Ag/AgCl (saturated KCl)
reference electrode, and a Pt wire auxiliary electrode. MCV at a scan rate of 20 mV s was
applied with a potential range from -0.6 V to +0.2 V.

3.3. Sorption of copper

An appropriate amount of montmorillonite or its organo-derivative and a volume of the
Cu(ll) solution (concentrations in the range 0,5 — 10 mmol . 1) was inserted into an
Erlenmeyer flask (ratio solid : liquid = 1 : 100). The suspension was shaken at the laboratory
temperature for 24 h. The amount of the adsorbed Cu(Il) was determined as a difference
between its concentration before and after the sorption (equation 2 below).

3.4. Zeta potential measurement

The Coulter Delsa 440 SX (Coulter Electronic, USA) instrument was used to measure the
zeta potential. Delsa 440 SX uses the scattering effect of Doppler light to determine the
electrophoretic mobility. The zeta potential was obtained from the electrophoretic mobility
by the Smoluchowski equation:

=T M

C is the zeta potential (V), n represents dynamic viscosity (Pa.s), and ¢ stands for the
dielectric constant. The fixed conditions of measuring were the following ones: temperature
(298 K), electric field (15 V), frequency (500 Hz), and the properties of the samples —
viscosity (0.0089 kg.m.s?), refraction index (1.333), and dielectric constant (78.36). The
samples were sonicated for 1 minute before zeta potential analysis. All zeta potential
measurements were at least duplicated; the mean relative standard deviation of the values
reported usually did not exceed 5 %. All the solutions were made in distilled water.
Analytical grade chemicals were used. Zeta potential measurements consisted from three
steps.

At first a dependence of zeta potential on pH was measured. An amount of 0.1g
montmorillonite MMT,Wy was added to the flask with 50 ml of distilled water. The pH
value of each suspension was adjusted by adding either NaOH or HCI; pH of the solution
was measured using the combination single-junction pH electrode with Ag/AgCl reference
cell (LP Prague, model MS 22 pH meter).

The second and the third step of the zeta potential measurements were in principle the
same. The zeta potential changes were monitored after adsorption of Cu(Il) and HDTMA on
MMT,Wy. The clay fraction with the particle size below 5 um was used for the adsorption
experiments. The clay amount of 0.1 g of was weighed in the flask and 100 ml of the Cu(II)
or HDTMA solution of a known concentration was added. The suspensions were inserted
into a thermostatic bath (25°C) and flasks were permanently shaken. As it was found in the
previous experiments, a 24 hours” period is needed to reach equilibrium. The zeta potential
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of the adsorption suspensions was measured. Then, the clay sample was separated by
filtration with paper filter.

The amount of Cu(ll) and HDTMA adsorbed (1) was determined from the change in the
solution concentration before and after equilibrium, according to:

—-c,)V

==V 2)

m
where co is the initial concentration of the HDTMA solution, c. the concentration of the
HDTMA solution at the adsorption equilibrium, V the volume of the HDTMA solution and
m the mass of the clay.

The HDTMA concentration of the filtered solutions was determined by UV/VIS
spectrophotometry (ALS laboratory group, CZ_SOP_D06_07_N03).

3.5. Preparation of organo-montmorillonites

An amount of 1 g of montmorillonite and 100 ml 7.5 mmol . I solution of alkylammonium
cation was shaken at the laboratory temperature for 2.5 h (the time was found in the
previous experiments). After the sorption the suspension was centrifuged (9000 rev min?)
for 10 min. The supernatant was removed, the solid was washed out with 5 ml solution of
ethanol : water = 2 : 1 and the suspension was again centrifuged at the same rate. The
washing out was repeated with 5 ml of ethanol and the preparative of organo-
montmorillonite was air dried after centrifugation.

3.6. X-ray diffraction

X-Ray diffraction (XRD) was carried out at Nanotechnology Centre, VSB-Technical
University Ostrava. XRD patterns of the tested samples were measured by diffractometer
INEL equipped with Cu anode, generator (2000 sec, 35 kV, 20 mA) and detector CPSD 120,
samples were measured in a flat rotation holder.

3.7. Infrared spectroscopy

Infrared spectra were recorded on Nicolet Avatar 320 FTIR spectrometer (ThermoNicolet,
USA) equipped with the DTGS/KBr detector for the middle IR range. The KBr pressed-disc
(13 mm diameter) technique (1 mg of sample and 200 mg of KBr) was used. The spectra
were measured in the spectral range from 4000 to 400 cm™ (64 scans, 4 cm™ resolutions).

3.8. Thermal analysis

Thermal analysis was carried out using multimodular thermal analyser SETSYS 12-
SETARAM equipped with a measurement head TG/DTA rod (Institute of Geonics, CAS,
Ostrava). The TG/DTA curves were recorded under an air environment from 25 to 1200 °C,
the heating rate was 10 K min=".
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3.9. Analysis of metals

The metal amount in the supernatant after sorption was found by means of atomic
absorption spectrometry (AA240FS Varian, USA) by flame atomization air-acetylene (flow
rate 13.5 I min!, Acu249.2 nm, and slit width 0.5 nm for Cu.

3.10. Analysis of alkylammonium cations

The HDTMA concentrations in the supernatant after sorption were determined by UV-VIS
spectrophotometry (ALS laboratory group, CZ_SOP_D06_07_NO03, Ostrava, Czech
Republic). The BDHDA and HDP concentrations in the supernatant after sorption were
determined by UV VIS spectrophotometry (Varian Cary 50) at 264 nm (BDHDA) and 260
nm (HDP). The amount of the adsorbed metal was determined as a difference between its
concentration before and after the sorption. The amount of the adsorbed alkylammonium
cation was determined as a difference between its concentration before and after the
sorption (equation 2).

4. Results

4.1. Characterization of prepared organo-montmorillonites

The obtained XRD patterns of the organo-montmorillonites were analysed for d-values of
the basal spacing (001) and compared with those of the original montmorillonites (Table 1).

montmorillonite d(001) [nm] montmorillonite d(001) [nm]
MMT,SAz-1 1.47 MMT,SWy-2 1.36

MMT,SAz-1-HDTMA 1.65 MMT,SWy-2-HDTMA 1.68 —2.40
MMT,SAz-1-BDHDA 1.78 —2.40 MMT,SWy-2-BDHDA 1.79
MMT,SAz-1-HDP 1.69 - 2.20 MMT,SWy-2-HDP 1.72

Table 1. Basal spacing values d(001)

The organo-montmorillonites exhibited an evident increase of the basal spacing in
comparison with those of the unmodified which indicates an intercalation of
alkylammonium cations in their interlayer [38 - 40]. The obtained values about 1.7 nm can be
judged to bilayer arrangement of cations, the higher values about 2.2 — 2.4 nm probably
correspond to a paraffin-type of arrangement — the ammonium groups are attached to the
silicate layer, the nonopolar chains are oriented under the tilt angle [41, 42].

The infrared spectra of the original montmorillonites have been already studied [37] and
interpreted according to [43]. The infrared spectra of the organo-montmorillonites were
interpreted with help of the spectra of the pure alkylammonium salts to distinguish new
absorption bands in the organo-montmorillonites. All infrared spectra exhibited
characteristic absorption bands of the presented alkylammonium cations. The absorption
bands at 2920 cm™! correspond to antisymmetric stretching vibrations and the bands at 2850
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cm! to symmetric stretching vibrations of C — H bounds reflecting alkyl chains of
alkylammonium cations. The presence of benzene ring in BDHDA and HDP is confirmed by
symmetric stretching vibration of C — H bounds in aromates at 3050 cm™ and by symmetric
stretching vibration of C — C bounds of conjugated system at 1620 and 1471 cm. The
absorption band at 1487 cm™ corresponds to bending vibration of the N — H bounds of
ammonium groups. The measured infrared spectra of MMT,SWy-2 and its derivatives with
HDTMA and BDHDA are shown at Figure 2. The other organo-montmorillonites exhibited
the similar infrared spectra. The presence of all cations in the organo-montmorillonites is
evident due to either intercalation or adsorption process.
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Figure 2. Infrared spectra of montmorillonite SWy-2 and its organo-derivatives

Thermogravimetric (TG) and differential thermal (DTA) curves of the original
montmorillonites were found in the curve library of Clay Minerals (Institute of Geonics,
CAS, Ostrava). The peak temperatures for montmorillonites obtained from DTA curve are:
166 °C and 234 °C for dehydration, 673 °C and 884 °C for dehydroxilation/melting and 1027
°C for recrystallization/transformation. In the case of the organo-montmorillonites, the
shape of TG/DTA curves corresponded to the original montmorillonites, but the thermal
effects exhibited the slightly different temperatures and intensities. The organo-
montmorillonites exhibited the higher values of temperatures related to the total melting.
The temperatures of exothermic effects connected to recrystallization and transformation
increased with the increasing amount of the alkylammonium cations. The temperature and
intensity of the first two peaks related to the dehydration process decreased with the
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increasing amount of the added surfactant. In addition, the organo-montmorillonites are
subjected to a thermal effect at the temperature interval 270-450 °C corresponding to the
alkylammonium decomposition [44]. As expected, the mass loss in the whole temperature
interval 25-1200 °C increased with increasing amount of the alkylammonium cations.

The results obtained by X-ray diffraction, infrared spectroscopy and thermal analysis
proved the presence of the alkylammonium cations in the organo-montmorillonites. As it
was already stated [38, 45] intercalation of alkylammonium cations takes place due to both
ion-exchange and induced and m-7 interactions forming a double-layer in the interlayer
space of montmorillonites. Although the previous work [38] supposed the higher
intercalation due to a content of benzene ring in the case of BDHDA, the values of the
parameter d(001) (Table 1) do not prove this suggestion.

4.2. Characterization of montmorillonite by zeta potential measurement
4.2.1. The pH influence on zeta potential of montmorillonite suspension

The most important factor that affects the zeta potential is pH. The zeta potential value on
its own without a stated pH is only a virtually meaningless number. Generally, the zeta
potential versus pH curve will be positive at low pH and lower or negative at high pH. The
point where the plot passes through the zero value of the zeta potential is called the
isoelectric point and it is very important from a practical consideration. It is normally the
point where the colloidal system is stable to a lesser extent.

The following figure shows a typical curve for the zeta potential value on the pH value in
the case of the montmorillonite particles.
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Figure 3. The influence of pH on zeta potential of the MMT, Wy particles
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The zeta potential of the montmorillonite particles in distilled water (pH 6) reaches
approximately -24 mV, the zeta potential is negative. With increasing addition of alkali to
the suspension of pH 6 the particles tends to acquire a more negative charge and with
increasing addition of acid a charge is negative to a lesser extent.

At least two main results can be mentioned from the previous picture:

- the zeta potential of the montmorillonite particles did not change significantly in the pH
range 4 - 9. In this range particles have tendency to coagulate.

- in the strongly acid solution the zeta potential became positive but the isoelectric point
was not reached.

Next, the zeta potential of the montmorillonite particles in the copper solutions was
determined during the Cu(Il) sorption. The values of the zeta potential before and after the
Cu(Il) adsorption on the montmorillonite were compared (Figure 4).
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Figure 4. Figure 4. Dependence of zeta potential and adsorption of Cu(Il) on MMT,Wy on the Cu(II)
equilibrium concentration (ce)

The adsorption of the copper ions caused the change of the zeta potential of the clay
particles. The zeta potential became more positive. On the contrary to Figure 3 where the
isoelectric point was not reached with increasing H, in the case of addition of the cooper
ions the zeta potential was very close to 0 mV. It just confirmed well known fact that the
valencies of the ions have great impact on the electrokinetic behaviour of the suspensions.

The zeta potential changes during the Cu(Il) sorption can be used as an additional
parameter for characterization of the sorption on montmorillonite. The excellent correlation
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of the Cu(Il) adsorption isotherm with the zeta potential dependence on the Cu(Il)
concentration in the sorption solutions demonstrated on Figure 4 proved this conclusion.

4.2.2. Sorption of alkylammonium cations — coherence of classical batch experiments and
zeta potential measurement

The following research has been performed in order to show the above mentioned
possibility of zeta potential for evaluation of the sorption processes. The adsorption of
HDTMA on the montmorillonite SAz-1 was studied by conventionally measured adsorption
isotherms and the zeta potential was measured simultaneously in the sorption suspensions.
Figure 5 demonstrates the typical adsorption isotherm which shape indicates the adsorption
isotherm of Langmuir model of monolayer coverage of an adsorbent.

4 200
—A 1 150 <
~ 37 £
T 3
o =
[ 1100 &
(o]
£ 2 —— — S
© T
150 N
1
10
0 : -50
0 1 2 3 4 5

¢,/(mmol dm-3)

Figure 5. Dependence of zeta potential (blank symbols) and adsorption of HDTM (full symbols) on
MMT,SAz-1 on the equilibrium concentration of the HDTMA solution (ce) [45]

Figure 5 shows the remarkable same course of the adsorption isotherm and the changes of zeta
potential of the adsorption system indicating a change of the surface charge due to the HDTMA
adsorption. In comparison to other studied sorbent (e.g. coal), the zeta potential is influenced by
adsorption to a lesser extent on montmorillonite (about 100 mV). However, an amount of the
adsorbed HDTMA is much more higher on montmorillonite and it even exceeds its cation
exchange capacity, which proves the concept of the double- or triple-layer arrangement of the
adsorbed alkylammonium cations. Thus, adsorption of HDTMA on montmorillonite probably
takes place by cation exchange into its interlayer space as well on the external surface.
Subsequently, the HDTMA adsorption proceeds via van der Waals interactions [45].
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4.3. Comparison of Cu(Il) sorption on montmorillonites and their organo-
derivatives

4.3.1. Batch technique study

The adsorption isotherms of Cu(Il) measured by the batch technique on montmorillonites and
their alkylammonium-derivatives are demonstrated on Figures 6 and 7. It is evident that the
presence of all three alkylammonium cations in the montmorillonites caused a decrease of the
Cu(II) sorption. No significant differences were found in the case of individual alkylammonium
cation, the sorption was decreased on about 50 % in comparison with the original
montmorillonites. The same decrease of sorption was also found in the case of HDTMA [46] and
tetrabutylammonium cations [47]. The sorption sites of clay mineral are occupied by a relatively
great alkylammonium cation, which inhibits sorption of the metal cations.
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Figure 6. Adsorption isotherms of Cu(Il) on MMTA,SAz-1 and its organo-derivatives

© MMT,SWy-2

025 - © MMT,SWy-2-HDP

° © MMT,Swy-2-BDHDA

am [mmol.g"]
o
N
S
T
°

. ° © MMT,Swy-2-HDTMA

0,00 . . . . )
0 2 4 6 8 10

¢ [mmol.I"]

Figure 7. Adsorption isotherms of Cu(Il) on MMTA,SWy-2 and its organo-derivatives
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The linearized forms of the adsorption isotherms proved that all obtained adsorption
isotherms exhibited the Langmuir model of sorption. The linearized forms of the adsorption
isotherms were used to calculate a maximum adsorbed amount of Cu(Il) named acu (Table
2). The values of parameter acu indicate no significant differences between the studied
organo-montmorillonites. This fact corresponds to the found changes of the parameter
d(001) that indicated very similar increase of the basal spacing in all prepared organo-
montmorillonites (Table 1).

Montmorillonite acu[mmol . g'] |montmorillonite acu[mmol . g!]
MMT,SAz-1 0.34 MMT,Swy-2 0.38
MMT,SAz-1-HDTMA 0.17 MMT,Swy-2-HDTMA 0.17
MMT,SAz-1-BDHDA 0.17 MMT,Swy-2-BDHDA 0.17
MMT,SAz-1-HDP 0.18 MMT,Swy-2-HDP 0.16

Table 2. Maximum absorbed amount of Cu(II) on montmorillonites and their organo-derivatives

4.3.2. Cyclic voltammetry study

Multisweep cyclic voltammetry (MCV) represents a suitable technique to study adsorption
of metals onto a modifier in the carbon paste. In the case of the montmorillonite modifier the
obtained current increases with successive occupation of the ion-exchange sites of its
structure until a constant, maximum value of current (steady state current) is achieved. The
obtained dependences of the current response on a number of cycling (on time) can be used
as a characteristic feature for the metals sorption on montmorillonites. The typical
multisweep cyclic voltammograms are shown on Figure 8 that depicts MCV of Cu(Il)
performed on the carbon paste electrode modified with MMT,SAz-1. The successive
occupation of the ion-exchange sites of montmorillonite with increasing number of cycling
(time) caused the current increase corresponded to the adsorbed amount of Cu(Il) [8,10] (the
underneath voltammetric peak on Figure 8).

The Cu(Il) sorption on two types of montmorillonite — SWy-2 and SAz-1 - was studied by
means of multisweep cyclic voltammetry. The obtained current responses on the carbon
paste electrodes CPE(MMT,SWy-2) and CPE(MMT,SAz-1) exhibited the time dependences
that correspond to the Cu(ll) sorption on the montmorillonites (Figure 9). These
dependences enable to distinguish the Cu(ll) sorption on the various types of
montmorillonite. It is seen, that the higher sorption capacity was found in the case of
MMT,SWy-2. These finding closely corresponds to the results obtained by the batch
technique (Table 2) that proved the slightly higher sorption on the MMT,SWy-2, too.

The multisweep voltammetric study of the Cu(Il) sorption on the montmorillonite and its
organo-derivative has already demonstrated that the organo-derivative MMT,SAz-1-HDTM
exhibited the lower steady state current due to a lower sorption of Cu(ll) (Figure 10). The
cation exchange sites of the MMT,5SAz-1-HDTMA are occupied with the HDTMA cations,
which inhibits sorption of the cationic forms Cu?* and [Cu(ac)]* (ac — acetate) in comparison
with the unmodified montmorillonite. HDTM incorporated into the interlayer of MMT,SAz-
1 decreased the Cu(II) sorption approximately to 65 % [48].
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Figure 8. Multisweep cyclic voltammetry of Cu(II) (2.5 x 10 mol . I'!) in acetate buffer pH 3.6 on
CPE(MMT,SAz-1)
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Figure 9. Multisweep cyclic voltammetry of Cu(II) (2.5 x 105 mol .1") in acetate buffer pH 3,6 on
CPE(MMT,SAz-1) and CPE(MMT,SWy-2)

In this study MCV of the Cu(ll) was performed by the same procedure [48] on the carbon
paste electrodes modified with the prepared organo-montmorillonites MMT,SAz-1-
BDHDA, MMT,SAz-1-HDP, MMT,SWy-2-BDHDA, and MMT,SWy-2-HDP. The MCV
voltammograms of Cu(ll) performed on the CPEs modified with the organo-
montmorillonites in the medium of acetate buffer pH 3.6 — 5.2 were used to construct the
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dependence of the maximum current response (steady state current) on the cycling time.
The typical dependences in comparison to the above mentioned results [48] are shown on
Figure 10. The dependences also indicate the decrease of the steady state current on all
organo-montmorillonites in comparison to the original montmorillonite.
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Figure 10. Current vs. t dependences for MCV of Cu(II) (2.5 x 105 mol . 1) in acetate buffer pH 4.0 on
CPEs modifed with organo-montmorillonites

The steady state current decrease corresponds to the decrease of the Cu(II) sorption onto the
modifier in the carbon paste which is caused by the presence of the alkylammonium cations
in the interlayer structure or on the surface of the montmorillonite modifier in the carbon
paste electrode. It is seen form Figure 10 that the Cu(Il) sorption is decreased on about 80 %
and 63 % in the case of MMT,SAz-1-HDP, resp. MMT,SAz-BDHDA.

Although the demonstrated dependences (Figure 9 and 10) cannot be considered as the
classical sorption isotherms, they indicates the same characteristics of the Cu(II) sorption:

- the higher sorption capacity to Cu(ll) was found for MMT,SWy-2 by means of the
classical sorption isotherms as well as by the multisweep cyclic voltammetry on the
carbon paste electrodes modified with montmorillonites

- the highest sorption was found on the original montmorillonites by the batch technique
as well as by the multisweep cyclic voltammetry on the carbon paste electrode modified
with the original montmorillonite

- all prepared organo-montmorillonites exhibited significantly lower sorption capacity
for Cu(ll) calculated from the adsorption isotherms as well as measured by means of
the multisweep cyclic voltammetry on the carbon paste electrode modified with the
organo-montmorillonites.

289
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5. Conclusions

The applied electrochemical techniques — measurement of zeta potential and multisweep
cyclic voltammetry — offer possibility to study and characterize properties of clay minerals
connected with the sorption processes on their surfaces.

The zeta potential measurement is a method suitable for characterization of the clay
minerals particles from the point of view of their surface charge that is one of the significant
parameters influencing sorption on clay minerals. As it was shown the measurement of zeta
potential enable to determine the pH range where the montmorillonite particles did not
change significantly the surface charge and where they tend to coagulate. The zeta potential
measurement during sorption of Cu(ll) exhibited the excellent agreement of the zeta
potential dependence on the Cu(Il) equilibrium concentration with the adsorption isotherm
measured by the classical sorption experiments (batch techniques). Analogously, the same
course of the adsorption isotherm and the zeta potential changes in the sorption system of
montmorillonite — hexadecyltrimethylammonium cation was found. The zeta potential
changes can be compared with its changes on other sorbents (coals). The alkylammonium
adsorption way can be evaluated from the zeta potential changes [45].

Multisweep cyclic voltammetry represents another method to characterize the metals
sorption using the electrodes modified with a studied adsorbent — clay mineral. The current
response dependences on time give the typical curves suitable to describe the sorption. The
following general conclusions can be obtained by this method:

- comparison of the individual clay minerals in terms of their sorption capacity

- influence of the alkylammonium presence in the clay mineral on the metals sorption

- influence of other important parameters on the sorption — for example pH, presence of
other cations, temperature

The advantage of multisweep cyclic voltammetry consists in relatively fast performance
providing the first idea about sorption. For example, measurement on carbon paste
electrode takes about 20 — 30 min in comparison with the time-consuming batch
sorption experiments — minimum 24 hours. On the other hand, multisweep cyclic
voltammetry enable only a semi-quantitative evaluation of sorption.

The described electrochemical methods can be successfully used as the additional methods
of study and characterization of clay minerals.
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Chapter 15

Methods of Determination for Effective
Diffusion Coefficient During Convective Drying
of Clay Products
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Additional information is available at the end of the chapter
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1. Introduction

Drying research is an outstanding example of a very complex field where it is necessary to
look comprehensively on simultaneous energy and mass transfer process that takes place
within and on the surface of the material. In order to get the full view of drying process,
beside previously mentioned, researchers have to incorporate and deal with highly non
linear physical phenomena inside drying clay products, non-homogenous distribution of
temperature and humidity inside dryers, equipment selection, design, control and final
product quality [1]. That is the reason why a unique theoretical setting of drying has to be
determined through the balance of the heat flow, temperature changes and moisture flow.
Simultaneous heat and mass process are related, regarding to the fact that all phases have to
remain in thermodynamic balance established on a local temperature value [2]. In the
economy that is becoming increasingly global, laboratory drying process analyses should
ensure enough data which are necessary for optimal drying regime establishment. In order
to find optimal drying regime it is necessary to understand transport mechanisms which
takes place within and on the surface of the clay product. The drying process is
characterized by the existence of several internal transport mechanisms such as pure
diffusion, surface diffusion, Knudsen diffusion, capillary flow, evaporation and
condensation, thermo-diffusion, etc. Moisture diffusivity, viewed as a transport of matter
due to the random motion of molecules, is the most important mass transport mechanisms,
essential for the calculation and modelling of various clay processing operations. Moisture
transfer within the solid clay body at a certain temperature is realized due to the different
moisture content in the interior and on the surface of a solid body. The mass transfer rate by
pure diffusion is therefore proportional to the concentration gradient of the moisture
content, with the diffusion coefficient being the proportionality factor. Determination of the

I NT EC H © 2012 Vasi¢ et al,, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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diffusion coefficient is essential for a credible description of the mass transfer process,
described by the Fick’s equation [3]. It is a common practice to describe complete mass
transfer with same equations as pure diffusion and to take the correction, for all secondary
types of mass transfer into account simply by replacing the pure diffusion coefficient with
an effective diffusion coefficient.

Relatively small number of research papers that describe the drying process of ceramic and
especially clay materials are available. Some data can be found in the papers of Efremov [4]
(bricks), Vasi¢ [5] (heavy clay tiles) Chemkhi [6], Zagrouba [7, 8] (clays), Skansi [9, 10] (brick,
hollow brick, heavy clay tiles, tiles) and others. In his paper Efrem [4] gave an analytical
solution of diffusion differential equation with boundary conditions in the form of flux.
Relying on these studies M. Vasi¢ and colleagues [11] have developed a drying model based
on the modification of Efremov's equation and the computer program for determining the
effective diffusion coefficient.

Chemki and Zagrouba [6] have estimated the coefficient of moisture diffusivity from drying
curve. F. Zagrouba and colleagues [7, 8] have developed a mathematical model of transfer
phenomena which has involved at the same time heat, mass and momentum transfer during
the convective drying of clay tiles. In their study a method for determination of the heat
transfer coefficient and effective diffusion coefficient is presented. Zanden and Kerkhof [12]
have performed extensive research on isothermal mass transport mechanisms during the
convective drying of clay products. They presented a model which describes moisture
transport inside a porous clay material during drying.

M. Vasi¢ and colleagues [5] have developed two computer programs for determination of
effective diffusion coefficient, based on mathematical calculation of the second Fick’s law
and Cranck diffusion equation. Skansi and colleagues [9, 10] were investigating the kinetics
of conventional drying of flat tiles in experimental and industrial tunnel dryer. They
presented several thin layer models such as exponential one which correlates the kinetics of
the whole tile-drying process well and has physical significance. They also presented a
method for determining heat transfer coefficient, effective diffusion coefficient and drying
constant.

2. Materials and methods
2.1. Theoretical development

In drying studies performed on clay materials, diffusion is generally accepted as the main
mechanism of moisture transport from the material interior to its surface. The restriction to
one-dimensional diffusion gives a good approximation in many practical systems.
Analytical solution of Fick’s equation is given for various geometrical shapes, assuming that
the transport of moisture occurs by diffusion, that sample shrinkage is neglected and that
diffusion coefficient and temperature have constant values. For the case of "thin plate"
geometry, a solution is given by Cranck [3] which is represented by the expression:
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In equation (1) Xo, X and Xe, represent respectively, the initial, current and equilibrium
moisture content, kg moisture/kg of dry material, Det is the effective diffusion coefficient,
m?/s, [ is the half plate thickness, m and ¢ is time, s. MR represents moisture ratio and has no
unit. There is a large body of literature comparing predicted results of drying models that
considered as well as neglect shrinkage [16]. Most published drying models do not take
shrinkage into account in the balance equations. The drying model equations are typically
borrowed from corresponding non-shrinking models, frequently without appropriate
physical and mathematical consideration, and are applied to a shrinkage medium. A few
studies, describing the sample dimensional correction, can be found in literature. Some data
can be found in the papers [17-20]. Silva [21] presented, a way of solving the diffusion
equation for the case of spherical samples. Since clay products show dimensional change
during drying it was necessary to develop a model that would take this phenomenon into
account. By introducing into equation (1) the expression Iy, which represents the
experimental dependence of the thickness of the tiles in time, equation (1) is corrected. It
should be kept in mind that this type of correction is not mathematically one hundred
percent accurate because the resulting equation (1) was obtained using the assumption of
unchangeable sample thickness. Formally speaking, a mathematically accurate correction
can be obtained by entering the expression Iy into the equation for the case of constant
sample thickness, after an integration step.

2.2. Description of Model A
2.2.1. Model A1 - The case when shrinkage is not included

In order to solve the equations (1) it is necessary to dispose with the experimental results
and to have the experimentally determined dependence MRes - t. MRes represents the
experimentally determined value of MR obtained by calculation from the experimentally
measured data Xo, X and Xe. Equation (1) can be converted into the form:

. > D 2 D
VRIS exp(_(2n+1) - eff] 8% 1 [(2n+1) o eﬁt] 2

4 x? 72 S (2n+1)? 4 x2

If the value of & is defined as the relative error of neglecting terms higher then N in
equation (2), the value of N can be determined and equation (2) is transformed form an
infinite sum into a finite sum of N terms given by equation (3):

-84 2n+1)* , Dyt 3
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The value of &= 0.05 is accepted for the further calculations in this paper. When =0, MR=1,
and equation (2) is transformed into equation (4). The value of N used in equation (3) can be
determined from equation (4):
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MR represents the analytically determined value calculated from equation (3). It is
necessary to introduce the concept of a numerical counter i, which can have only an integer
value. The numerical counter i is defined for each value of the experimental pairs (MRes, t).
It starts form the value zero and increases by one until it reaches a final value which is
related to the last experimental pairs (MRes, t). This concept enables the number of
experimental pairs (MRes, t) from its first to its last value to be countered. In order to work
properly, the program requires the initial value of the effective diffusion coefficient Def, and
the ¢ value to be entered. Let the initial value of the effective diffusion coefficient Des be
given the value of 1-102° /m?/s. Then, for each numerical counter value i, the program
calculates the value y* from equation (5);

i 2

p 21:( MR~ MR, ) 5

In the first cycle, MRa i is calculated according to equation (3) using the previously
determined value of N and the initial value of D.s. In the next cycle the value of D is
doubled giving a new value for MRa i which is now used to calculate a new y* according to
equation (5). The program then compares the value y® obtained in the first cycle and the
newly obtained z* value. If the statement z” first < X eeons 18 satisfied, the program will
continue previously described cycle, otherwise the program will temporarily stop.

Note: y%irst and x%second refer to the last and the penultimate value of the cycle in which ;(2 is
determined.

The last three values for Def and ;(2 are then recorded. Then, the recorded D.s interval is
divided into 100 parts. A hundredth part of this interval is defined as a step s. The
program commences a cycle again using the initial value for Def as Deff third from end + 5. The
cycle is repeated until the statement z* first < 2 seons <1-1010 is satisfied. In other words,
the cycle is interrupted when the difference Zzsec ond 7 firt Yeaches 1-101°. The final Def
value is then recorded. This value represents the finally calculated effective diffusion
coefficient in m?/s.

2.2.2. Model A2 - The case when there shrinkage is included

For materials which shows shrinkage during drying equation (3) needs to be changed by the
introduction of the expression [ « into it. This expression represents the experimentally
determined time dependence of the sample thickness. When this correction is entered, the
previously described optimizing concept for the determination of the effective diffusion
coefficient is applied.
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2.3. Description of model B
2.3.1. Model B1 - The case when shrinkage is not included

If parameters of drying medium are kept constant during convective drying of solid bodies,
moisture transfer could be treated on macro level as quasi diffusion with appropriate
effective diffusion coefficient Desr. The general expression for mass conductivity (Fick's
second law) can be presented as a partial differential equation of diffusivity.

ox .. oxX *X
mn = dw(Deff -gradX); — r = Deﬁ ? (6)

The exact solution for drying kinetics can be obtained by applying Laplace transform
method in time t for equation of isotropic diffusion with boundary conditions in a form of
mass flux J. This flux is proportional to the difference between an equilibrium concentration
in the pores of the material Xeqand the current concentration X on the material surface.

.%|

- D
J o

x=0 ~ k'(Xeq _X) 7)
Kinetic desorption coefficient k (m/s) in e;uation (7) can be calculated as a ratio 1

(characteristic thickness value) and time (k =1 f

By applying Laplace transform method to equation (7) Efremov in his PhD thesis [13]
presented the solution given by equation (8).

X-X 2
— A =ef : +exp[£ l+k—-t]-erfc k }i +; ®)
X, —ch 2 ,Defft Dy Deﬁ, D 2 Defft

Xo, X and Xe, represent respectively, the initial, current and equilibrium moisture content,

kg moisture/kg of dry material, Dt is the effective diffusion coefficient, m?/s, and ¢ is time, s.

The mass flux on the material surface (x=0) can be calculated through the use of the
concentration ratio which is given in equation (9)

X-X 2
MR:_W:eXp[k_.tJ.erf{k /L] 9)
XO _Xeq Deﬁ Dejj"

Equation (8) was obtained for the process of molecular diffusion. If we analyze equation (9)
at the beginning of the drying process (t=0; X=Xo) MR=1 and for long times (t—o°; X=Xeq)
MR=0 will see that it has a real physical meaning. In order to get the drying equation which
is valid for convective mass transport processes it is necessary to introduce the power
function of the argument in equation (9), thus the drying equation becomes (10).

(10)

7| t-D
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Simple approximation formula for function erf (A) is defined by equation (11) and can be
found in Sergei Winitzki [14, 15] papers. The relative precision of this approximation is
higher than 4103, uniformly for all real A.

1/2
2
,1.27+0.14A H )

erf(A)=|1-exp| -A
A { p( 1+0.14A%

After some mathematical manipulation, knowing that erfc (A) =1 - erf (A), the final drying
kinetic equation (12) is obtained.

" =1/2
2
. 1.27+0.141[;;l]

n l T eﬂf

1( 712 1-|1-exp| ——| & -
MR:exp(—[fD_] )- p ”[tDeﬁJ o n (12)
T\ 1+0.14[”]
T thﬁ

Efremov [4] has calculated the power function of the argument n for clay materials as 1.95.
In order to calculate Des optimization concept is applied. Drying equation (3) is replaced by
equation (12). When this correction is entered, the previously described optimizing concept
for the determination of the effective diffusion coefficient can be applied.

2.3.2. Model B2 - The case when shrinkage is included

For materials which shows shrinkage during drying equation (12) needs to be changed by
the introduction of the expression [ ¢ into it. This expression represents the experimentally
determined time dependence of the sample thickness. When this correction is entered, the
previously described optimizing concept for the determination of the effective diffusion
coefficient is applied.

2.4. Program algorithm

The algorithm presented below is the same for any software program. Program named
"Drying calculator" was written in the Borland C program language on a standard
Pentium IV computer (AMD 1200 MHz, 80GB HDD, 256 MB ram memory). Program has
the ability to calculate effective diffusion coefficient using the calculation method A1, A2,
B1 and B2.

Program algorithm for models Al and B1, which neglects shrinkage, contains the following
steps:

1. Read the values from database: the time (s), MReks.
2. Enter number ¢ (Usually € =0.05). (Exists only in case of A1)
3. Enter the initial value of Def (Dey=1-102)
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11.
12.
13.
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Enter the characteristic dimension | (samples half thickness, m)

Enter the value n form equation (12) (n=1.95) (Exists only in case of B1)

For each value from the database using equation (3) in case of A1 or (12) in case of B1
MRan will be determined.

For each value from database y* will be determined using equation (5)

In next cycle step starting value D¢ is doubled and a new value MRan will be
determined and initially used for determination of new z* .

If the statement 2 first < )(Zsec o 1 satisfied, the program will continue previously
described cycle, otherwise the program will temporarily stop.

The last three values for Des and ;(2 are then recorded. Then, the recorded D.f interval
is divided into 100 parts. A hundredth part of this interval is defined as a step s. The
program commences a cycle again using the initial value for Def as Def third fromend + 5. The
cycle is repeated until the statement z* first < 2 econa <1-1070 is satisfied. In other words,
the cycle is interrupted when the difference z°__,; - 7> firt Teaches 11010

The final Dey value is then recorded.

Result will be saved as database: time (s), MReks, MRan, and value of average D..

On the base of this database a graphical view can be displayed

Program algorithm for models A2 and B2, which includes shrinkage, is obtained from
previously presented algorithm after a few modifications: in steps 1, and 6 are made.

1.
6.

Read the values from database: the time (s), MReks, and characteristic 1 (m).

In equation (3) for the case A2 or (12) for the case B2 11is a function of time; | is provided
from database where values of 1 were determined by experimental measuring of thin
plate sample shrinkage vs. time.

2.5. Description of the slope model

For long drying times, equation (1) is transformed into equation (13).

D, t
5 2 Dt
2 or ln(%i/m):—ﬂzl;sz (13)

8 2
MR = —zexp(—ﬂ

From the equation (13) slope Def coefficient can be calculated.

3. Results and discussion

3.1. Clay characterization and sample preparation

Three raw masonry clays from the locality Banatski Karlovac (I), Cirilkovac (II) and

Orlovat (III) were analyzed. Characterization of raw masonry clays has included

chemical, mineralogical, granulometrical, XRD, DTA and TGA examination. Results of

chemical analysis are presented in table 1, while granulometric analyze is presented at
fig. 1 and 2.
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Clay (I)  Clay (I) Clay (I1II)

Composition % % o
Loss ignition on 1000°C 11.71 7.15 6.71
SiO2 53.23 53.08 54.49
AlOs 13.64 16.73 13.91
Fe20s 5.34 7.10 5.09
CaO 7.50 6.69 8.05
MgO 3.59 141 3.70
SOs 0.00 0.08 0.07
S* 0.00 0.00 0.01
Na:0 1.24 0.48 1.14
K20 3.42 1.70 1.70
MnO 0.091 0.15 0.08
TiO2 0.60 0.71 0.46
Summary: 100.36 100.40 100.19
Table 1. Results of chemical analysis
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Figure 1. Granulometric test results for clay (I)
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Figure 2. Granulometric test results for Clay (II) and (III)
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XRD examinations far all three clays were recorded on the Belgrade faculty of mining and
geology, using the device PHILIPS PW 1710. DTA and TGA examinations for clay (I) was
recorded in Belgrade ITNMS institute, using the device SDT Q600 (TA Instruments), while
for clay (II) and clay (III) these examinations were done on the Belgrade chemistry faculty,
using the device DERIVATOGRAPH-C (MOM Budapest) and DUPON.
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Figure 3. XRD diagrams
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Based on chemical test results it can be concluded that all three clays are representing usual
masonry raw materials, with a relatively low content of aluminium oxide, a relatively small
content of clay minerals and feldspars and increased carbonate content. Clay (III) has the highest
SiOz and carbonate content. From fig. 1 and fig. 2 it can be seen that Clay (I) has the largest clay
content of 30.18%, while in the case of Clay (II) and Clay (III) clay content were respectively
16.75%and 11.11%. From fig. 3 and fig. 4 it can be seen that the most common mineral in all three
clays is quartz. Carbonate minerals: calcite and dolomite were present in all three clays too.
Beside previously mentioned minerals clay (I) is consisted of mica, chlorite and a small amount
of smectites, clay (II) is consisted of muscovite, montmorillonite, chlorite, and illite in traces,
while clay (III) is consisted of illite, chlorite, and a small amount of smectites.

After initial clay characterization, the raw materials were subjected to further classical
preparation. The raw material samples were first dried at 60°C and then milled down in a
laboratory perforated rolls mill. After that, the clays were moisturized and milled in a
laboratory differential mill, first at a gap of 3 mm and then of 1 mm. Laboratory samples of
size 120x50x14 mm were formed in a laboratory extruder "Hendle" type 4, under a vacuum
of 0.8 bar. These samples were used in further experimental work.

3.2. Drying experiments

Moropoulou [22] was investigating the influence of drying air, temperature (20 - 40°C),
humidity (30-80%) and velocity (1 - 8 m/s) in order to develop a drying model which will
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include in its structure the drying air parameters. Mancuhan [3] was studying industrial
drying of bricks in a tunnel dryer in order to find optimal drying air parameters which were
necessary for rationalization an optimization of the drying process. On the base of
previously mentioned studies and along with the years of industrial production experience
range of drying air parameters: temperature (40-70°C), humidity (40-80%) and velocity (1-3
m/s) has been set up in this study as the boundaries of the planned drying experiment.

Drying kinetic curves were recorded, under the experimental conditions presented in Table
2, on the prepared heavy clay tiles (samples), by monitoring and recording the changes in
weight and linear shrinkage of the clay tiles in a laboratory dryer, especially created for this
purpose. Schematic view of the laboratory recirculation dryer is presented in Scheme 1.

3.2.1. Laboratory recirculation dryer
The laboratory recirculation dryer provides:

regulation of the drying air temperature within 0-125°C, with accuracy + 0.2°C;

regulation of the relative humidity of the drying air within 20-100%, with an accuracy of
0.2%;

velocity regulation of the drying air within 0-3.5 m/s, with an accuracy of 1%;

monitoring and recording of the weight of the drying samples within 0-2000 g, with an
accuracy of 0.01 g;

monitoring and recording the linear shrinkage within 0-23 mm with an accuracy of 0.2 mm;
and

continuous time monitoring during drying.

Experiment Air velocity, Air temperature, Air humidity,
W /m/s T /°C v /%
1 1 40 40
2 3 40 40
3 1 40 80
4 3 40 80
5 1 70 40
6 3 70 40
7 1 70 80
8 3 70 80

Table 2. Experimental conditions

Data acquisition, continuous time monitoring and recording of the temperature and relative
humidity of the drying medium and the linear shrinkage of the drying samples were
realized automatically, using PLC controllers and a standard Pentium IV computer.
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Scheme 1. Laboratory recirculation dryer

3.2.2. Interpretation

Four models for predicting the drying behavior (MRa«—t dependence) were obtained from
previously described programs. Models Al and B1 did not include shrinkage, while Models
A2 and B2 did. Drying models results are presented in a form of table 3. Deviation of the
predicted drying models form experimentally recorded data, presented in table 3, were
given as a root mean square error (RMSE) calculated from equation (14). Typical graphical
views of the experimental and predicted drying behaviour are presented in Fig. 5.

1 N 1/2
RMSE=| = (MR, - A/{lei)2

i=1

(14)

Lower value of RSME is representing better agreement between model predicted and
experimental drying behaviour.

RSME

Clay (I)

Clay (II)

Clay (III)

Exp.

Model

Model

Model

B2

A2

Bl

Al

B2

A2

Bl

Al

B2

A2

Bl

Al

0.0281

0.0351

0.0517

0.0624

0.0241

0.0286

0.0586

0.0714

0.0166

0.0836

0.1079

0.1191

0.0111

0.0219

0.0694

0.0926

0.0194

0.0225

0.0523

0.0689

0.0186

0.0756

0.0995

0.1125

0.0143

0.0415

0.0731

0.0838

0.0174

0.0458

0.1104

0.1445

0.0524

0.0675

0.1159

0.1296

0.0128

0.0142

0.0461

0.0570

0.0219

0.0460

0.1002

0.1165

0.0378

0.0603

0.0944

0.1130

0.0121

0.0295

0.0611

0.0506

0.0212

0.0282

0.0856

0.1029

0.0474

0.0705

0.0935

0.1090

0.0073

0.0344

0.0689

0.0636

0.0232

0.0176

0.0532

0.0672

0.0173

0.0235

0.0841

0.1009

N N[O [W[N |-

0.0125

0.0355

0.0467

0.0433

0.0188

0.0562

0.0996

0.1126

0.0171

0.0216

0.0709

0.0835

8 10.0201

0.0263

0.0730

0.0866

0.0247

0.0472

0.0942

0.1160

0.0242

0.0356

0.0820

0.0986

Table 3. Calculated RSME parameters
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In all experiments value of RMSE had the lowest value for model B2, which means that
model B2 had less deviation from experimental results than all other drying models.
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The De values obtained through the use of the described programs and from slope of
equation (13) are presented in Table 4.

Deff - 10" / m?/s

Exp. Clay (I) Clay (II) Clay (III)

Model Model Model
Al | A2 | Bl |B2| SL | A1 | A2 | Bl | B2 |SL | Al | A2| Bl B2 SL
1 | 450 (2.30|4.00|1.80|19.00{2.90|0.50|1.70{0.35|10.5[0.34|0.17| 0.27 | 0.13 | 15.80
2 | 720 (2.20(6.10|1.20|23.50 (4.20|0.90|2.30|0.83|19.3|0.58|0.34| 0.45 | 0.28 |25.30
3 | 8.10 |3.20|7.30{2.30|24.70(0.98|0.19|0.75|0.12| 4.7 |0.09|0.05|0.003 | 0.001 | 3.90
4 110.10|3.40|8.80{2.50{30.50 [1.61|0.31|1.17|0.24| 6.7 |0.19]0.09| 0.13 |0.005 | 6.30
5 1240 (0.70{1.00|0.10| 9.50 {3.81]0.94{3.13|0.79|17.2|0.53|0.29| 0.49 | 0.15 |24.80
6 | 3.30 [{0.90|2.60|0.30(11.70|5.83|1.25|5.14|1.05(27.6|0.86[0.49| 0.75 | 0.41 |44.60
7 | 4.80 [1.80|4.20|1.70(19.50|1.20|0.15|1.05|0.08 | 4.2 |0.22{0.11| 0.13 |0.008 | 9,30
8 | 740 [3.20(6.30(2.30(24.10|2.19|0,52|1.95|0.37| 9.6 |0.65|0.42| 0.59 | 0.37 |35.30

Table 4. Calculated values of effective diffusion coefficient

In all experiments, the value of effective diffusion coefficient Defr determined by models,
which has included the shrinkage correction in the calculation step (A2 and B2), was
lower then the value of the same coefficient determined by other models. On analyzing
experiments it can be seen that by increasing the drying air velocity from 1 to 3 m/s, the
value of the effective diffusion coefficient also increases up to 38% for clay (II), 45% and
60% for clay (III). Diagrams have showed that the kinetic curves representing the
models which neglect the shrinkage effect (A1l and B1) do not completely follow the
configuration of the experimentally determined drying curves. Drying model B1 had
less deviation from experimental results than drying model Al, in all experiments and
for all three clays. It can be concluded that whatever the initial mineralogical
composition of the clay model B1 is better than model Al. Deviations of these models
from the experimental drying curves are higher at the beginning of the drying process
and after some time in most case the deviations disappear. The moment of
disappearance matches the moment from when the sample continues to dry further
without shrinkage.

Drying kinetic curves of the model which includes shrinkage (A2 and B2) follow the
configuration of the experimentally determined curves and their matching can be more
than 98% as can be seen in experiments 3, 8 in case of clay (I) or in experiments 2, 6 in case
of clay (II) or in experiments 1, 7 in case of clay (III). Drying model B2 had less deviation
from experimental results than drying model A2, and all other drying models, in all
experiments and for all three clays. It can be concluded that whatever the initial
mineralogical composition of the clay model B2 is the best drying model. In the case of
model B2, if minor deviations exist, they are at the beginning of the drying process and
are most probably caused by the time interval which has to pass before stationary
experimental conditions are fulfilled and the products are heated up to the temperature in
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the dryer. The intersection point of the experimental drying curves and modelled drying
curves is characterized as the critical point. Critical point is a characteristic kinetic
parameter which is important because it determines the moment after which the products
no longer shrink.

From Table 4 it can be concluded that value of effective diffusion coefficient Des
determined using the models which included the sample shrinkage correction is lower
than the corresponding value determined using the models which neglected sample
shrinkage or the slope model. The determined values of data of the D¢ from the slope
model were higher than the data determined by other models. This result is in agreement
with the D.f determination and is representing additional proof that the models which
included the shrinkage effect during drying have given more precise Dey values. Effective
diffusion coefficients for masonry clay products are in range of 107 up to 102 m?/s
according to references [6,10]. This relatively large range for the Des values is connected
with the different nature of the heavy clay and the different methods employed for their
determination. The D.f values presented in Tables 4 are lying below the previously
mentioned range.

4. Conclusions

Calculation methods and computer programs specially designed for calculation of
effective diffusion coefficient were developed. First calculation method was based on
the mathematical calculation of the second Fick’s law and Cranck diffusion equation.
Second calculation method was based on the analytical solution of the Efremov
differential diffusion equation with a boundary condition in the form of the flux. In
both calculation methods, two program variations were designed to compute the
effective diffusion coefficient. First program variation did not include shrinkage effect
during drying into the computation algorithm while the second one has included it.
Four models (A1, A2, B1 and B2) for predicting the drying behaviour were obtained as
the result of cited program. This was the first time in the mathematical modelling of the
drying of masonry clay that a shrinkage correction was entered into the calculation
step. Drying diagram analysis have showed that irrespective of the nature the initial
mineralogical composition of the clay, the drying curves representing the models which
neglects the shrinkage effect (Al and B1) did not fully follow the configuration of the
experimentally determined kinetic curves, while in the case of the models which
include shrinkage (A2 and B2), the resulting curves follows the experimental ones.
From Figs. 1 - 6 it can be seen that the introduction of the shrinkage correction into
equations (3) and (12) was entirely justified. Drying model B2 had less deviation from
experimental results than drying model A2, and all other drying models, in all
experiments and for all three clays. It can be concluded that whatever the initial
mineralogical composition of the clay model B2 is the best drying model. The
determined values of the effective diffusion coefficient were lower than the value that
could be found in the literature. The values of the effective diffusion coefficient
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determined using the models which includes shrinkage were less than the values
determined using the models which neglects shrinkage or the values obtained using the
slope method. The intersection point of the experimental drying curves and the
modelled drying curves is characterized as the critical point.
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